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Understanding how ecological communities assemble, function, and persist, is one of the 
fundamental questions in ecology. A common denominator shared by all these issues is the 
coexistence of different species, a vividly debated topic for almost a century. Already early 
authors, who formulated competitive exclusion principle (Gause, 1937) and the theory of 
limiting similarity (MacArthur and Levins, 1967), proposed that differences in ecological 
niches are essential for species to coexist. These ideas were further developed, and 
contemporary authors recognized that species coexistence can be explained with different 
mechanisms, ranging from purely neutral ones (Hubbell, 2001) to mechanisms increasing 
niche differences between species (Chesson, 2000, 2018). The relative importance of 
different mechanisms varies from case to case, however, differentiation of ecological niches 
has retained its appeal as mechanism of species coexistence (Scheffer and van Nes, 2006; 
Tilman, 2004; Vellend, 2010). 
 
Niche differences-based species coexistence can be achieved through differentiation of 
different components of multidimensional ecological niche, and can further be assisted by 
spatial heterogeneity, environmental fluctuations, or predators (Chesson, 2000, 2018). Co-
occurring species often segregate with respect to resources they use (Chesson, 2000), among 
which habitat and food are the most important (Schoener, 1974). Dietary resource 
partitioning is often considered a key element facilitating niche differentiation (Lush et al., 
2017), which may lead to trophic specialization (Schoener, 1974).  
 
Despite its presumed importance, dietary resource partitioning and trophic specialization 
remain a controversial topic in oligotrophic ecosystems with low productivity, like 
subterranean environments. Subterranean environments are energy-limited habitats, most 
notably defined by the absence of light (Culver and Pipan, 2009; Venarsky et al., 2014) and 
thus predominantly reliant on allochthonous conduit of food (Culver and Pipan, 2009; 
Simon, 2019; Simon et al., 2007). Subterranean food webs were long thought to be 
functionally truncated, dominated by only two trophic levels, decomposers and predators 
(Gibert and Deharveng, 2002; Mohr and Poulson, 1966). Truncated trophic structure, 
coupled with limited availability of food, presumably favors opportunism and generalist 
feeding strategies among subterranean species (Gibert and Deharveng, 2002). This 
prediction was indeed supported by some studies (Pacioglu et al., 2020; Sacco et al., 2019), 
whereas other discovered diverse food webs (Hutchins et al., 2016; Hutchins and Schwartz, 
2013) and trophic specialists (Ercoli et al., 2019; Francois et al., 2016). 
 
From the perspective of coexistence theory, it remains unclear whether trophic niche 
differentiation contributes to mechanisms mediating coexistence of subterranean species, 
and to what extent. The links between trophic niche differentiation and coexistence were 
inferred rarely, either indirectly in comparative analyses (Fišer et al., 2019) or using distantly 
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related species, where niche differentiation and phylogenetic contingency cannot be told 
apart (Hutchins et al., 2014).  
 
In this study, we searched for the elusive links between the co-occurrence of closely related 
subterranean species and their trophic niche differentiation using amphipod genus Niphargus 
as a model system. The genus Niphargus Schiödte, 1849 is the largest freshwater amphipod 
genus, living in subterranean waters of West Palearctic (Väinölä et al., 2008). Niphargus 
species regularly co-occur and may comprise communities of up to eight species per cave 
(Trontelj et al., 2012). Such co-occurring species often differ in their microhabitat 
preferences and morphology (Delić et al., 2016; Fišer et al., 2015; Trontelj et al., 2012). 
Trophic differentiation of Niphargus species is poorly understood. Past studies reported that 
Niphargus species feed on decaying plant material, detritus, and carcasses, but also exhibit 
active predatory behavior (Ercoli et al., 2019; Fišer et al., 2010), including cannibalism 
(Luštrik et al., 2011; Sket, 1958). Data on position of Niphargus in subterranean food webs 
are scarce, but indicate feeding at higher trophic positions (Ercoli et al., 2019; Pacioglu et 
al., 2020). When feeding, Niphargus species handle food particles with the first two pairs of 
appendages, called gnathopods. The size and shape of distal articles vary between Niphargus 
species and imply that they might correspond to species’ feeding ecology (Fišer et al., 2009, 
2019).  
 
1.1 THESIS AIMS AND HYPOTHESES 
 
We studied trophic niche differentiation among co-occurring amphipod species from the 
genus Niphargus using stable isotope analysis and functional morphology. We analyzed 
pairs or triplets of species from seven localities, and specifically questioned whether  
1) co-occurring species differ in their isotopic niches and selected functional morphological 
traits and 2) gnathopod shape and/or size can be used as predictors of species’ trophic 
position.  
 
Specifically, we first hypothesized that co-occurring Niphargus species differ in trophic 
position, and second, that species with smaller gnathopods and shape related to feeding with 
smaller food particles occupy lower trophic positions than species with larger gnathopods. 
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2 LITERATURE REVIEW 
 
2.1 ECOLOGICAL NICHE AND SPECIES COEXISTENCE 
 
2.1.1 The ecological niche 
 
The niche is one of the key concepts in ecology. Since the beginning of its usage in ecological 
context, it was a subject of numerous discussions and underwent revisions by many authors 
(Pocheville, 2015). The first definition and usage of the term was provided by Grinnell 
(1917), who described the niche as a combination of all abiotic and biotic factors which 
enable a species to exist at given locality. This was followed by Elton's (1927) definition of 
the niche, which focused on species’ role within the community and its impacts on the 
environment. A significant contribution to the concept was made by Hutchinson (1957) who 
described the niche as “n- dimensional hypervolume”, where n is a number of limiting 
factors for a given species. He also introduced the terms “fundamental niche”, i.e. all 
environmental factors which allow a species to exist, and “realized niche”, a part of the 
fundamental niche actually occupied by a species due to interspecific interactions. 
Hutchinson’s idea of the niche was later recast to a concept of niche as a resource utilization 
distribution (MacArthur and Levins, 1967; Pocheville, 2015). It evolved to niche theory, 
which comprised several theoretical models, and dealt with the number and similarity of 
coexisting species and community assembly (Chase and Leibold, 2003; Pocheville, 2015).  
 
Numerous definitions and their diversity led to the recognition of two distinct niche 
components – the “impact” component and the “requirement” component, corresponding to 
the Eltonian and Grinellian niche, respectively (Chase and Leibold, 2003; Leibold, 1995). 
The impact and the requirement components describe the environmental effects onto the 
organisms and organismal responses to the environment, respectively (Leibold, 1995). The 
niche is a synthesis of both components and can be defined as a relationship between an 
organism and its environment. According to Chase and Leibold's (2003) synthesis, the niche 
includes environmental conditions which enable a species to maintain the birth rate at least 
the same as the death rate within a local population, while simultaneously having an impact 
on these environmental conditions.  
 
Chase and Leibold (2003) proposed another definition of ecological niche using the zero net 
growth isocline (ZNGI). ZNGI is defined as a set of points, forming a line in two-
dimensional space of two resources, at which the growth of population equals zero (Tilman, 
1982). Using the ZNGIs, the niche is defined as “the joint description of the ZNGI of an 
organism along with the impact vectors on that ZNGI in the multivariate space, defined by 
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2.1.2 Species coexistence 
 
The ability to define a species’ niche does not provide much insight into the structure of the 
community and how it functions. As species in natural communities are in contact with 
numerous other species, understanding community assembly requires inclusion of species 
interactions. The relationships between the ecological niche and between-species 
interactions has been intensively debated (Vellend, 2010). The niche is central to both niche 
theory and modern coexistence theory, and under the latter, it cannot be quantified without 
considering species interactions (Letten et al., 2017). 
 
The intrinsic connection between the definition of species coexistence and ecological niche 
is reflected already in Gause's (1937) competitive exclusion principle, which states that two 
species cannot coexist if they share the same ecological niche. Based on Lotka-Volterra 
equations, competitive exclusion happens when interspecific competition prevails over 
intraspecific competition. Shortly after his definition of the niche, Hutchinson (1959) 
investigated how co-occurring species using the same resources differ among each other. He 
suggested that similar species belonging to the same guild differ in size with a constant ratio 
of 1.3:1 in body length, which later became known as the “Hutchinsonian ratio”. MacArthur 
and Levins (1967) introduced the theory of limiting similarity, again relying on Lotka-
Volterra competition model. Although they were able to precisely define the minimum 
required difference in niches of two coexisting species, it became clear that community 
structure cannot be explained only through the lens of interspecific competition. Universal 
limits to similarity of species, as originally proposed by MacArthur and Levins (1967), do 
not exist (Abrams, 1983; Mittelbach and McGill, 2019). The principle of limiting similarity, 
however, was an important basis for further development of the coexistence theory. Below, 
we highlight two milestones. 
 
The first one was the distinction between the “co-occurrence” and “co-existence”, and the 
need for the criteria to tell the two phenomena apart (Leibold and McPeek, 2006). The “co-
occurrence” is more general phenomenon, appropriate to describe situations where species 
are found together, but with no definitive evidence of permanent persistence (Leibold and 
McPeek, 2006). By contrast, coexistence needs to satisfy the invasibility criterion. 
Invasibility describes the ability of species to invade the system (e. g. increase in its 
population density) when it is rare, while simultaneously facing competition from the rest of 
the community (Chesson, 2000, 2018; Chesson and Huntly, 1997; but see Barabás et al. 
(2016)). When invasibility criterion is met, it provides an evidence for species coexistence, 
even if exact underlying mechanisms could not be identified (Siepielski and McPeek, 2010).  
 
The second milestone was the recognition of multiple mechanisms which mediate 
coexistence. A prerequisite for species to coexist, i.e. intraspecific competition exceeds 
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interspecific competition, can be satisfied through multiple ways, generally divided into 
equalizing and stabilizing mechanisms, as well as diverse trade-offs (Chesson, 2000). 
 
Equalizing mechanisms emerge through minimization of differences in population growth 
(ecological fitness) among competing species (Chesson, 2000). This condition commonly 
emerges among ecologically similar species (Scheffer and van Nes, 2006). While equalizing 
mechanisms provide a basis for long-term species co-occurrence, they do not satisfy the 
invasibility criterion and eventually end up with exclusion of one of the species due to 
stochasticity in population growth. This type of coexistence is sometimes called unstable 
coexistence, meaning that there is no tendency for species to recover from low densities 
(Chesson, 2000, 2018; Chesson and Huntly, 1997). A related view, emphasizing 
stochasticity, is captured in neutral theory (Hubbell, 2001). Neutral theory discards the 
importance of ecological niches and suggests that species rich communities can emerge 
through the interplay of carrying capacity and stochastic population dynamics (Hubbell, 
2001).  
 
By contrast, stabilizing mechanisms satisfy the criterion of invasibility and ground stable 
coexistence. These mechanisms refer to species that differ in their ecological niches and thus 
no longer compete for the resources (Chesson, 2000); as such they reflect Gause's (1937) 
competitive exclusion principle or MacArthur and Levins (1967) theory of limiting 
similarity.  
 
Stable or unstable coexistence may be achieved also through trade-offs. Mathematical 
competition models assume that the studied system is closed, i.e. there is no immigration to 
the community and that environmental conditions are constant across space and through 
time. These assumptions in the models are evidently violated (Mittelbach and McGill, 2019); 
however, natural conditions offer a number of factors facilitating the coexistence 
mechanisms or trade-offs through which stable or unstable coexistence emerges. The 
coexistence can thus be mediated through spatial heterogeneity, predation, environmental 
fluctuation or even social behavior and reproductive biology. 
 
Spatial heterogeneity of resource and non-resource factors can promote stable coexistence. 
When species occupy distinct spatial niches, individuals of the same species spend more 
time in habitats to which they are better adapted to and are thus prone to compete for 
resources against their conspecifics. This causes intraspecific competition to exceed 
interspecific competition, a necessary condition in order to achieve coexistence (Chesson, 
2000).  
 
Communities in nature are open systems with constant flow of individuals. The situation 
where multiple spatial patches exist and dispersal of individuals between them is constant 
(but not too high) enables species not to outcompete each other, but to coexist for a long 
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time (Mittelbach and McGill, 2019). However, this type of coexistence is considered 
unstable, as species are not able to fulfil the invasibility criterion. 
 
Some coexistence mechanisms require fluctuations in the environment and are thus called 
fluctuation-dependent (Chesson, 2000). Contrary to spatial heterogeneity, variation in 
temporal niche itself does not reduce resource competition. Different resources must either 
be available at different times or fluctuate over time, causing species to develop trade-offs 
in their relative ability to respond to different resource densities (Chesson, 2000; Mittelbach 
and McGill, 2019). According to Chesson (2000), this mechanism is named “relative non-
linearity” and is one of the two major fluctuation-dependent mechanisms. The second one, 
the “storage effect”, occurs when adults of a given species are not highly susceptible to 
environmental change, but their juveniles are and respond differently to fluctuations than 
juveniles of other species (Chesson, 2000).  
 
Besides aforementioned mechanisms that form the core of coexistence theory, different 
natural enemy niche, or predator partitioning, also enables stable species coexistence and is 
a fluctuation-independent mechanism, even when the same resources are exploited 
(Chesson, 2000; Chesson and Kuang, 2008). 
 
Finally, seemingly ecologically identical cryptic species might coexist when social behavior 
between conspecifics differs from that between heterospecifics (Chesson, 1991). First 
example of such mechanism was provided by Zhang et al. (2004) who studied density-
dependent sex ratio adjustment in fig wasps, which reproduce in discrete resource patches. 
As females lay eggs in distinct patches and reproduction of the next generation occurs within 
the patch, it causes inbreeding. To reduce local mate competition among male siblings, 
female-biased sex ratio is favored; and when a rare species is able to adjust its sex ratio so 
that it produces more females than a common species, it increases in number of individuals 
(Zhang et al., 2004). This mechanism satisfies the fundamental requirement of stable 
coexistence: being able to increase when rare. Ruokolainen and Hanski (2016) also described 
a mechanism related to reproduction on patchy resources. They showed that coexistence can 
be achieved through interspecific reproductive interference and dispersal dependent on 
mating status. Females which have not yet mated tend to search for partners in patches distant 
from those where density of other species is high. Lastly, sexual selection can support long-
term coexistence, although it does not lead to ecological differentiation (M’Gonigle et al., 
2012). According to M’Gonigle et al. (2012), the formation of constant spatial clusters 
occupied by one species can result from a mechanism based on landscape heterogeneity and 
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2.1.3 Resource utilization and trophic niches  
 
Resources are all components of the environment which are used by organisms and are 
essential for their growth and reproduction. Resource partitioning is a stabilizing, 
fluctuation-independent mechanism (Chesson, 2000) which promotes species coexistence. 
In other words, differentiation in the use of any of the resources among co-occurring species 
prevents competitive exclusion. Resources relevant for animal species include habitat, food, 
and water. As suggested by Schoener (1974), habitat segregation is more important than 
food-type and temporal separation, meaning that co-occurring species will first exhibit 
habitat partitioning. This may lead to the establishment of nonoverlapping habitat patches, 
but evolution may also redistribute phenotypes performing better in exploitation of more 
abundant food sources – eventually causing specialization (Schoener, 1974). Diet can thus 
be considered a key element of niche differentiation (Lush et al., 2017) and is also one of 
the most commonly used traits to attribute species position on a generalist-specialist scale 
(Machovsky-Capuska et al., 2016) . 
 
The importance of diet and feeding relationships reflects in common classification of co-
occurring species. Categories related to feeding include trophic levels, functional feeding 
groups (species within trophic levels which perform in similar manner) and guilds (similar 
to functional groups, but frequently limited to taxonomic groups) (Chase and Leibold, 2003; 
Simberloff and Dayan, 1991). The concepts of functional groups and guilds are related to 
the functional niche, i. e. Eltonian niche, describing the role of species in ecological networks 
(Devictor et al., 2010).  
 
2.1.4 Niches through stable isotope analysis 
 
In the past decades, stable isotope techniques emerged as a very useful tool in a wide variety 
of ecological studies, including studies on food web structure and food chain length, 
estimation of trophic position of organisms and identification of basal sources of carbon 
(Fry, 2006; Layman et al., 2012; Post, 2002). Stable isotope analysis (SIA) can also provide 
quantitative data on resource and habitat use and is thus valuable in assessing ecological 
niches (Newsome et al., 2007). In this context, information obtained with SIA can support 
conservation implications, studies of past and present niches and ontogenetic niche shifts of 
species (Newsome et al., 2007). The most commonly used elements in SIA in trophic 
ecology are nitrogen (N) and carbon (C). The ratio of 15N/14N is used to infer trophic position 
of consumers, as they are enriched in heavier isotope compared to their dietary source. On 
the contrary, the ratio of 13C/12C changes very little with the transfer through the food chain 
and can therefore be used to determine carbon sources supporting the food webs (Layman et 
al., 2012; Peterson and Fry, 1987; Post, 2002). Besides N and C, sulfur, oxygen and 
deuterium are also used in a wide variety of ecological studies (Layman et al., 2012).  
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Data obtained with SIA carry information of a consumer’s diet integrated in the metabolic 
turn-over time. The isotopic composition depends not only on variation in diet, but also on 
the isotopic variability of individual food sources, isotopic baselines and diet-tissue 
discrimination factors (Post, 2002). Hence, the isotopic space (δ-space), carries interesting 
information on the trophic structure at the community level (Jackson et al., 2011; Layman, 
et al., 2007), but is not a direct measure of the niche width (Newsome et al., 2007). Isotopic 
niche should be distinguished from trophic niche, especially when making assumptions 
about specialist or generalist feeding strategies of species – a wide trophic niche does not 
necessarily coincide with wide isotopic niche (Hette-Tronquart, 2019).  
 
2.2 FUNCTIONAL MORPHOLOGY 
 
2.2.1 Functional traits  
 
Phenotype-based or trait-based ecology focuses on explaining ecological patterns and 
processes, including community assembly and species co-occurrence, from a perspective of 
individual organisms’ traits and their relations with environment (Calow, 1987; Mittelbach 
and McGill, 2019; Wong et al., 2019). One of the key advantages of functional trait approach 
over taxonomic is that it can bring predictability and more general rules to the explanation 
of ecological communities and their assembly (Gibb et al., 2015; Weiss and Ray, 2019; 
Wong et al., 2019). 
 
McGill et al. (2006) defined a trait as “measurable property of organisms, usually measured 
at the individual level and used comparatively across species”. When trait strongly 
influences organismal performance, it is considered a functional trait (McGill et al., 2006). 
Another commonly used definition of a trait is that it is “any morphological, physiological 
or phenological feature measurable at the individual level, without reference to the 
environment or any other level of organization”, and the functional trait is “any trait which 
impacts fitness indirectly via its effects on growth, reproduction and survival” (Violle et al., 
2007). The former definitions focus primarily on community assembly processes, while the 
latter definitions also include effects of traits on ecosystem processes (Nock et al., 2016).  
Functional traits can further be divided to response and effect traits. Response traits influence 
fitness and organismal performance, whereas effect traits influence fitness and/or 
performance of other organisms or environment (Lavorel and Garnier, 2002). Functional 
traits should exhibit larger interspecific than intraspecific variation and, if possible, be 
measured on continuous scales in order to be useful in community ecology (McGill et al., 
2006).  Only traits relevant to the studied system should be selected and, although being hard 
to prove in some cases, their adaptability and/or heritability should also be considered (Weiss 
and Ray, 2019).  
 
Organisms sharing similar functional traits, which respond to or have an effect on ecosystem 
processes in a similar manner, can be assigned to the same functional groups (de Bello et al., 
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2010). When referring to animals, functional groups are often a term used as exchangeable 
with guilds (de Bello et al., 2010), although the latter should refer to specific taxon (Chase 
and Leibold, 2003). 
 
2.2.2 Relating functional morphology and the trophic niche  
 
Organismal performance, behavior, and ability to exploit particular resources depend heavily 
on its morphological traits. Implementation of functional morphology approach in ecology 
first requires assessing the relationship between morphology and organismal performance, 
and when achieved, it provides a powerful tool in studies of ecological patterns, resource use 
and survival (Wainwright, 1994). Functional morphology is tightly connected and 
overlapping with the field of ecological morphology (Alexander, 1987), which is focused on 
studying the role of morphological structures in ecological and evolutionary processes 
(Reilly and Wainwright, 1994). Integrative, trait-based approaches could provide significant 
progress especially in understanding assemblage of invertebrate communities, as they enable 
overcoming taxonomy-related issues (Wong et al., 2019) and are more informative of 
species’ biology than phylogeny alone (Gibb et al., 2015). 
 
Relationships between species’ morphological traits and trophic niches they occupy can be 
assessed through three widely used methodologies: stomach or gut content analysis, stable 
isotope analysis or combination of both. Morphological traits used in research across 
different animal taxa most often include body size and mouthparts. Studies elucidating 
trophic niche partitioning among co-occurring species based on morphological traits or 
integrating multiple approaches are reviewed in the following text. 
 
Among vertebrates, a substantial share of studies explored relationships between 
morphology and trophic niche in fish communities. They include identification of possible 
general rules that could predict fish guilds or trophic positions from morphological traits on 
a community level (e. g. Albouy et al., 2011; Jennings et al., 2001; Layman et al., 2005), 
examination of dietary resource partitioning among co-occurring species (Castillo-Rivera et 
al., 1996; Fugi et al., 2001; Ventura et al., 2017), and morphological and dietary 
specialization of co-occurring morphotypes of the same species (Hulsey et al., 2005; 
Matthews et al., 2010). Morphological traits most often used to explain differences in 
resource use include brachial apparatus (Castillo-Rivera et al., 1996; Fugi et al., 2001), head 
shape (Ventura et al., 2017), jaw type (Hulsey et al., 2005) and gut morphology (Fugi et al., 
2001; Ventura et al., 2017). In birds, Navarro et al. (2013) observed niche differentiation 
among four sympatric petrels during breeding season. Analysis of spatial movements 
revealed spatial and temporal segregation of species and SIA confirmed the usage of 
different trophic niches. Additionally, wing morphology and performance, indices of how 
far from colonies birds forage and how deep they dive, were in line with other results. 
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Among invertebrates, the relations between morphology and trophic niche differentiation 
have been assessed in ants, mites, millipedes, sea urchins and amphipods, among others. 
Gibb et al. (2015) linked several morphological traits on a species level with diet and habitat 
preferences in ants. Predatory species were larger, they had more physical protection and 
smaller eyes. Congruent with presumed lower need for task specialization in predatory 
species, they also exhibited lower caste polymorphism. In oribatid mites, cheliceral 
morphology can be used to distinguish between three trophic guilds based on cheliceral 
leverage, being lower and enabling higher speeds in carnivores and higher, enabling more 
force at the tip of chelicerae in primary and secondary decomposers (Perdomo et al., 2012). 
Although mouthparts were related to trophic niche in many cases, Semenyuk et al. (2011) 
reported no correlation between mandible morphology and trophic position of tropical 
millipedes, which form a very diverse community from species number, morphological and 
trophic perspective. Agnetta et al. (2013) studied co-occurrence of two sea urchin species 
and showed that they differ in diet, trophic position, movement capabilities and Aristotle’s 
lantern traits, thus belonging to different guilds and not competing for dietary resources.  
 
In amphipods, most of the research was dedicated to mouthpart morphology, although some 
other feeding-related structures were also examined. Antennae, maxillae and maxillipeds are 
structures determining the feeding mechanism in caprellids (Caine, 1977). Most caprellids 
generally do not exhibit habitat preferences, so Caine (1977) suspected that morphological 
traits could underlie niche partitioning mechanisms among co-occurring species. Two of the 
studied species were predators, having elongated appendages with rare setae in contrast to 
others, which were filter-feeders with dense setation of appendages. He observed that species 
with high filtering overlap do not occur together. Most co-occurring species differ in particle 
retention, but also use different secondary feeding strategies (Caine, 1977).  
 
Amphipods from the genus Eulimnogammarus, all occurring within pebble substrates in the 
littoral of the Lake Baikal and showing no habitat preferences, differ markedly in mouthpart 
morphology (Morino et al., 2000). However, trophic specialization, sponge grazing, was 
observed only in two studied species (out of ten) which have large and strong mandibles. All 
other species showed high overlap in dietary resources, despite differences in mouthparts. 
Morino et al. (2000) discussed that species’ generalist feeding strategies and co-occurrence 
might be related to abundant food sources in the littoral zone, although it is possible that 
results are an artefact of gut analysis. Besides that, spatial segregation of similar species 
could contribute to niche differentiation, as sister species occupied different habitats within 
the littoral zone and more distantly related species co-occurred within the same habitat 
(Morino et al., 2000).  
 
In Edwards Aquifer in Texas, Hutchins et al. (2014) assessed relations between mouthpart 
morphology and trophic niche of sympatric amphipods using SIA. They reported 
exploitation of multiple food sources and the existence of multiple trophic levels among 
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seven, morphologically distinct amphipod species. Neither of the studied traits was 
significantly related to δ13C values, but some of the mouthpart traits were correlated  
with δ15N, i. e. trophic position of species, when one outlying species was excluded from 
analysis (Hutchins et al., 2014).  
 
Besides mouthpart morphology, accessory feeding appendages might also explain dietary 
separation of amphipod species. Arndt et al. (2005) reported distinct feeding strategies and 
reduced trophic niche overlap in four amphipods occurring in Arctic ice pack. Two species 
belonging to the genus Onisimus were primarily detritivores and largely similar in mouthpart 
morphology, but greatly differed in the size and shape of the second pair of gnathopods. One 
species had forceps-like dactylus, suitable for selective picking of small food items. Further, 
the opening between propodus and dactylus suited the size of abundant diatoms (Navicula 
sp.). The second species had larger and claw-like gnathopods II, suitable for holding live 
prey or animal remains. The two Onisimus species thus partition their niche as detritivores 
with supplementing their diets as herbivores and carnivores, respectively (Arndt et al., 2005). 
The third species was predominantly carnivorous, but with mouthpart characteristics of a 
generalist omnivore, able to cope with a wide variety of food items. The fourth was an 
herbivore, with mouthparts supporting feeding on small particles and two identical pairs of 
gnathopods, enabling firm holding to ice substrate (Arndt et al., 2005). 
 
2.3 SUBTERRANEAN FOOD WEBS AND COMMUNITIES 
 
2.3.1 General characteristics of the subterranean food webs 
 
The absence of light is the most notable characteristic of cave environments. Due to the lack 
of photosynthetic organisms, the vast majority of cave ecosystems completely rely on the 
allochthonous food sources (Culver and Pipan, 2009; Simon et al., 2007). The detritus is 
mostly being brought to the cave environment with flowing water and organisms (Simon, 
2019), but percolating water, wind, gravity and roots can also represent important vectors of 
allochthonous organic matter (Culver and Pipan, 2009). Generally, subterranean habitats are 
energy-limited (Venarsky et al., 2014). However, not all subterranean food chains are 
detritus-based. Chemoautotrophic bacteria are known to support food webs in several 
subterranean communities, scaling from individual caves to aquifers (Simon, 2019). 
Chemoautotrophy can either represent the only energy source (e. g. Movile cave) (Sarbu et 
al., 1996) or support the food chain partially (Hutchins et al., 2016; Opsahl and Chanton, 
2006; Simon, 2019).  
 
Type, quantity, and spatial and temporal availability of food sources in aquatic habitats 
varies among and within cave ecosystems. Flowing water, i.e. cave streams, bring the largest 
portion of organic matter in forms of CPOM (coarse particulate organic matter), FPOM (fine 
particulate organic matter) and DOM (dissolved organic matter) to caves. The latter enables 
the growth of biofilms on sediments and rocks, and thus supports the food chain (Poulson 
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and Lavoie, 2000; Simon et al., 2003). Biofilms and CPOM are significant food sources for 
invertebrate shredders, including amphipods and isopods (Poulson and Lavoie, 2000). 
Besides that, carcasses of epigean animals are also carried by streams, but represent a rather 
occasional food source in subsurface. Apart from organic matter brought with cave streams, 
a few other sources of food have been recognized as significant for subterranean aquatic 
fauna (e.g. bat guano and roots). Fenolio and Graening (2009) observed large numbers of 
isopods in cave pools with decaying guano, while Jasinska et al. (1996) reported aquatic root 
mats as a potential energy source in shallow groundwater in Australia. As opposed to cave 
streams and lakes, interstitial habitats (e. g. hyporheic zone) receive energy from even fewer 
types of sources, e. g. FPOM and biofilm. Interstitial habitats can be supplied by 
chemoautotrophy or percolating and flowing water (Culver and Pipan, 2009). 
 
The subterranean environment is generally considered as functionally deficient at the base 
of the food web, as it lacks primary photosynthesizing producers and herbivores, with some 
rare exceptions (Gibert and Deharveng, 2002). Only two out of four fundamental trophic 
levels are thus significantly represented in subterranean environment – decomposers and 
predators or parasites (Mohr and Poulson, 1966). The lack of basal trophic levels, as well as 
limited availability of food presumably lead to opportunistic feeding strategies and the loss 
of predators (Gibert and Deharveng, 2002). However, this paradigm of subterranean food 
webs was altered with the discovery of diverse aquatic communities relying on 
chemoautotrophic energy source, which include predators (Hutchins et al., 2014, 2016) and 
recognition of trophic specialization in aquatic invertebrates (Ercoli et al., 2019; Francois et 
al., 2016). 
 
2.3.2 Assessing subterranean food webs and species diets using SIA 
 
Despite the broad usage of stable isotopes in marine, freshwater, and terrestrial ecosystems, 
very few studies deal with food webs and use stable isotope analysis (SIA) in the 
subterranean realm. Following the discovery of chemoautotrophy in the famous Romanian 
cave, Movile (Sarbu et al., 1996), studies using SIA were mostly devoted to similar, 
chemoautotrophically based subterranean communities. Vlasceanu et al. (2000) reported the 
discovery of two distinct food webs, one based on chemoautotrophy and one based on 
detritus, from Frassasi cave system in Italy. The existence of two food webs, supported by 
two separate energy sources, is also known from Edwards Aquifer in Texas (Hutchins et al., 
2016). In the Upper Floridan Aquifer, the SIA revealed a food web at least partially 
supported by methane-based chemoautotrophy (Opsahl and Chanton, 2006). 
Chemoautotrophic nitrification was identified as one of the three energy sources also in 
anchialine cave ecosystem in Mexico (Pohlman et al., 1997).  
 
Recently, several studies focused on identifying food sources exploited by specific species 
and on inferring subterranean food webs regardless of the energy sources.  
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Fenolio et al. (2006) studied the diet of cave-adapted salamander and suggested that bat 
guano which falls into the cave stream could represent a food source for salamander larvae. 
They assumed that subterranean vertebrates might supplement their diet with coprophagy 
when other resources become scarce. Another cave vertebrate, the fish Poecilia mexicana, 
exploits different food sources according to their habitat. The fish living in sulfidic caves 
feed directly with microbial mats, bat guano and aquatic invertebrates, with most of the 
obtained carbon and nitrogen deriving from chemoautotrophic production. In other habitats 
(non-sulfidic and sulfidic surface and non-sulfidic cave habitats), fish are largely supported 
by photosynthetic production (Roach et al., 2011). Paoletti et al. (2011) studied the role of 
microbes associated with moonmilk in the diet of Cansiliella servadeii, a hygropetricolous, 
troglobitic beetle with specialized mouthparts, but failed to identify the beetles’ food 
sources. Ercoli et al. (2019) and Francois et al. (2016) studied trophic specialization of 
aquatic invertebrates. Isopods from co-occurring isopod genera Gallasellus and 
Caecosphaeroma feed on biofilm and detritus, while Niphargus amphipods from the same 
community feed on biofilm and are predators of both isopod species (Ercoli et al., 2019). 
Sedimentary biofilm was found to be the most significant food source for Proasellus species 
as well (Francois et al., 2016). 
 
Subterranean food web, being truncated both at its base and top (Gibert and Deharveng, 
2002), rarely exceeds the limit of three trophic levels. Graening and Brown (2003) suggested 
that three trophic levels might be typical for aquatic cave environments. This prediction was 
supported by several studies, including stygofaunal food webs from Movile cave (Sarbu et 
al., 1996), an anchialine cave in Mexico (Pohlman et al., 1997) and a cave in Arkansas 
(Graening and Brown, 2003). Following studies cohered with previous findings: Graening 
(2005) again reported three trophic levels in Ozark cave stream in Arkansas and Roach et al. 
(2011) reported two to two and a half trophic levels in sulfidic and non-sulfidic caves in 
Mexico. A recent study from calcrete aquifer in Australia showed the existence of three 
trophic levels as well (Sacco et al., 2019). On the other hand, the longest subterranean food 
chain yet known was reported from Edwards Aquifer in Texas, where the existence of 
secondary predator level is highly possible (Hutchins and Schwartz, 2013). Hence, the 
plausible length of the food chain increases to at least four trophic levels, which has not yet 
been observed anywhere else in groundwater ecosystems. The highest trophic levels are 
occupied by fish in anchialine cave in Mexico and in Ozark cave stream, whereas in other 
communities, they are occupied by invertebrate predators. 
 
Food chain length is controlled by several factors. Ecosystem age seems to be the most 
important one regarding food chain length in stygobiont communities, as complex food 
chains could not yet have developed in young ecosystems, but ecosystem size and resource 




Premate E. Trophic differentiation and functional morphology of Niphargus (Amphipoda: Niphargus).   
    M. Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, MSc Ecology and Biodiversity, 2020  
  
   
  
 
2.3.3 The role and feeding modes of amphipods in stygofaunal communities 
 
Amphipods exploit various sources of food and are an important part of aquatic food chains, 
as they transfer nutrients and energy to higher trophic levels (Väinölä et al., 2008). 
Subterranean amphipods are supposedly omnivorous (Sacco et al., 2019; Väinölä et al., 
2008), but little is known about their feeding strategies. In two Gammarus species it has been 
shown that subterranean populations display wider trophic niche compared to their surface 
conspecifics (MacAvoy et al., 2016; Pacioglu et al., 2020).  
 
Niphargids are known to use different feeding strategies and are extremely opportunistic, 
presumably due to living in nutrient-poor habitats (Pacioglu et al., 2020). They can feed on 
decaying plant material, detritus and carcasses, but also exhibit active predatory behavior 
(Ercoli et al., 2019; Fišer et al., 2010). Besides that, cannibalism was observed in several 
species (Luštrik et al., 2011; Sket, 1958).  
 
Amphipods living in subterranean habitats occupy different trophic positions. Coexisting 
species of amphipods in Edwards Aquifer in Texas are distributed across multiple trophic 
levels, even up to secondary level predators (Hutchins et al., 2014). Oppositely, study from 
shallow calcrete aquifer in Australia showed that three amphipod species occurring in the 
same stygobiotic community occupy lower trophic levels (below three), and feed with 
epilithic biofilms, roots, sediments and prey on copepods (Sacco et al., 2019).  
 
2.3.4 Niche differentiation in subterranean communities 
 
Subterranean communities are generally viewed as being less complex compared to surface 
ecosystems, encompassing fewer species highly adapted to relatively stable, but challenging 
environmental conditions. Although subterranean animals were often considered as 
generalists due to living in energy-poor habitats and even some recent studies support this 
prediction (e. g. Pacioglu et al., 2020; Sacco et al., 2019), there is growing evidence that 
ecological specialization and niche partitioning is possible within subterranean communities 
(Fišer et al., 2012).  
 
Subterranean species were found to differ in microhabitat preferences, i.e. showing spatial 
niche partitioning, which was often related to their morphological characteristics. Culver 
(1970) reported distinct microhabitat preferences in a community consisting of three 
amphipod and one isopod species, where they differed in vertical distribution and preferred 
substrate type. Spatial partitioning was also shown in closely related spiders 
(Troglohyphanthes; Mammola et al., 2018).  
 
In Niphargus, where species co-occurrences are common, Trontelj et al. (2012) identified 
four ecomorph classes affiliated with different microhabitats, with body size and appendage 
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length being the most important ecomorphological traits. Although without reference to 
exact niche dimension, body size was also found to be a trait differentiating co-occurring 
species of beetles (Martins and Ferreira, 2020; Vergnon et al., 2013). 
 
Trophic differentiation was studied among co-occurring subterranean isopods (Ercoli et al., 
2019), amphipods (Hutchins et al., 2014) and troglophilic spiders (Novak et al., 2010). Ercoli 
et al. (2019) showed that despite most used dietary resources (biofilm and detritus) were the 
same among both isopod species, their niche was clearly separated on isotopic biplot, 
suggesting trophic specialization. Similarly, isotopic data on seven amphipod species from 
Edwards Aquifer also suggested the use of different food sources (Hutchins et al., 2014). 
Besides SIA, morphological traits that are related to food acquisition could predict trophic 
differences and explain co-occurrence. In interstitial Niphargus species in Europe, co-
occurrence of species pairs differs from random expectation in roughly one third of cases 
(Fišer et al., 2019). Morphological differences, encompassing two distinct groups of species 
based on gnathopod characteristics (micro- and macro-feeders), were positively, albeit 
weakly, related to the number of species co-occurrences (Fišer et al., 2019). 
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We sampled animals in five caves and at two interstitial sites (Figure 1), where at least two 
species of Niphargus co-occur (SubBioDB, 2019; see Annex B). Detailed data about dates, 
localities and species are given in Table 1. All analyzed specimens are listed in Annex A1. 
 
In order to estimate trophic position of the studied species, we needed to assess trophic 
baselines, which are specific for every community (Post, 2002). Therefore, we collected all 
types of organic matter that could potentially represent food sources in subterranean aquatic 
habitats. Details about organic matter samples are given in Annex A2. 
 
Table 1: Sampling sites. Coordinates are given in WGS-84 coordinate system. 
Preglednica 1: Lokacije vzorčenja. Koordinate so podane v WGS-84 koordinatnem sistemu. 
Locality Date(s) Coordinates Sampled species  
Caves (C)    
C 1: Vodna jama v Lozi 
(Postojna, Slovenia) 
17. 12. 2018 
15. 2. 2019 
X 45.71667 
Y 14.11856 
N. stygius, N. sp. n. Loza.,  
N. orcinus 
C 2: Pećina kod Vrane 
(Pakoštane, Croatia) 
8. 1. 2019 X 43.95979 
Y 15.55492 
N. dalmatinus, N. kolombatovici 
C 3: Podpeška jama 
(Videm, Slovenia) 
6. 1. 2019 
2. 2. 2019 
X 45.83927 
Y 14.68632 
N. pachytelson, N. podpecanus, 
N. longiflagellum 
C 4: Ševerova pećina 
(Bunić, Croatia) 
8. 1. 2019 X 44.67138 
Y 15.61915 
N. antipodes, N. croaticus 
C 5: Rupa na Brodu 
(Novo Mesto, Slovenia) 
11. 1. 2019 X 45.78935 
Y 15.14524 
N. sp. n. Rupa., N. subtypicus 
Interstitial sites (I)    
I 1: Sora river 
(Dol, Slovenia)  
22. 2. 2019 X 46.15089 
Y 14.37521 
N. pectinicauda, N. labacensis, 
N. sp. n. 
I 2: Sava river 
(Ljubljana, Slovenia) 
27. 2. 2019 X 46.08468 
Y 14.58691 
N. pectinicauda, N. labacensis, 
N. longidactylus, N. kenki,  
N. sp. n. 
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Figure 1: Map of sampling localities. Abbreviations of the localities are the same as in Table 1. 
Slika 1: Zemljevid lokacij vzorčenja. Okrajšave lokacij se ujemajo s Preglednico 1. 
 
3.3.1 Sampling in caves 
 
We aimed to collect at least 10 individuals per species per locality. Cave species were 
obtained by snorkeling using hand aquatic nets and Sket’s bottle (Chevaldonné et al., 2008) 
We sampled only adult-sized specimens, as morphology (Fišer et al., 2009) and trophic 
ecology (Pacioglu et al., 2020) can change during ontogenetic development. After collection, 
animals were transported to SubBioLab (Biotechnical faculty, University of Ljubljana). We 
maintained them alive for 5-21 days to allow for gut clearance. We kept them without 
feeding in plastic containers or glass dishes filled with dechlorinated water in darkness at 8 
°C. We cleaned the containers, removed feces, molts, and dead individuals as necessary. The 
animals were frozen using dry ice and stored at -20 °C until further handling. 
 
We also sampled all potential food sources in cave aquatic environments, e. g. sediments, 
coarse particulate organic matter (CPOM), fine particulate organic matter (FPOM), bat 
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3.3.2 Sampling of interstitial habitats 
 
We sampled two interstitial sites, one on the river Sora near Dol (Medvode) and one on the 
river Sava near Sneberje (Ljubljana) using the Bou-Rouch method (Bou and Rouch, 1967). 
At both sites, we sampled at the depths of 60 and 90 cm. The sample was filtered through 
two aquatic nets with different mesh size (500 x 500 µm and 100 x 100 µm) and examined 
in sorting trays. The sample that remained in the fine-mesh net was stored as a sample of 
organic matter. We repeated the sampling several times at the same location and moved the 
pump to the new sampling spot as necessary.  
 
Collected animals were transported alive to SubBioLab. As they were damaged due to 
sampling method, they were frozen using dry ice the same day and stored at -20 °C, together 
with the samples of CPOM and FPOM. 
 
3.3.3 Samples processing  
 
The specimens of cave Niphargus species were first photographed using Olympus SZX9 
stereomicroscope and Olympus’ cellSens Entry software while kept on dry ice. We cut the 
animals behind segment 4, 5 or 6 of pereon, depending on the size of individual. The front 
part of the animal was stored in 70% ethanol, thawed, and later used for morphometry. One 
appendage from the front part of the animal body was stored in 96% ethanol for DNA 
analyses. The rear part of the animal was kept at -20 °C and used for stable isotope analysis. 
In the case of interstitial Niphargus species, we only stored one appendage in 96% ethanol 
for DNA analyses due to their small body size, while the whole body was kept at -20 °C and 
used for stable isotope analysis.  
 
Interstitial animals, rear parts of cave animals, as well as all samples of organic matter were 
then lyophilized. Animal samples were dried for 2-3 days, while the samples of organic 
material were dried for 5-7 days due to higher water content. After two days of drying, pieces 
of ice were manually removed from the organic matter where necessary. Lyophilized 
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3.4 SPECIES IDENTIFICATION 
 
Most of the cave Niphargus species were examined under stereomicroscope and identified 
based on morphological traits. Three cave species belonged to species’ complexes with 
uncertain morphological diagnoses (Delić et al., 2017; Zakšek et al., 2019) and were 
identified using DNA barcoding. Likewise, frozen interstitial animals could not have been 
properly examined morphologically and were determined using DNA barcoding as well. 
DNA was isolated from appendages stored in 96% ethanol using GeneElute Mammalian 
Genomic DNA Miniprep Kit (Sigma-Aldrich, USA). We amplified mitochondrial 
cytochrome oxidase I gene (COI) using LCO and HCO primers (Folmer et al., 1994) 
according to PCR protocol stated in Annex C. COI fragments were sequenced in both 
directions by Macrogen Europe (Amsterdam, The Netherlands). We edited and assembled 
the sequences in Geneious Prime 2019.1 (Biomatters Ltd, New Zealand). 
 
Two of the cave Niphargus species that were collected are undescribed. Working names, 
“Niphargus sp. n. Loza” and “Niphargus sp. n. Rupa” have therefore been assigned to 
undescribed species from Cave 1 (Vodna jama v Lozi, a species belonging to N. steueri 
species complex (Zakšek et al., 2019)) and Cave 5 (Rupa na Brodu, a sister species to N. 
pachytelson), respectively. 
 
In first subsection of the results, following abbreviations for species are used:  
orc: N. orcinus, spL: N. sp. Loza, sty: N. stygius, dal: N. dalmatinus, kol: N. kolombatovici, 
lon: N. longiflagellum, pac: N. pachytelson, pod: N. podpecanus, ant: N. antipodes, cro: N. 




We used only cave Niphargus species for morphological measurements. The measurements 
were done using Olympus’ cellSens Entry software, following landmarks on Niphargus’ 
body described in Fišer et al. (2009). 
 
We measured seven traits for each animal: length of the head and following three segments 
of pereon (Figure 2) and three measurements of both pairs of gnathopods – propodus length, 
width, and diagonal (Figure 3). To avoid inconsistencies, we repeated the measurement of 
the head and first three segments of pereon three times and used their mean in the following 
analyses. To simplify, we refer to this measurement as “body size” in all further mentions. 
All measurements are listed in Annex A1.  
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Figure 2: Measurement of the head and three following segments of pereon, indicated with four black line 
segments. Modified from Sket (1974). 
Slika 2: Meritev glave in prvih treh členov pereona, označena s štirimi črnimi daljicami. Prilagojeno po Sket 




Figure 3: Measurements of gnathopods I and II (pl – propodus length, pw – propodus width, pd – propodus 
diagonal). Modified from Fišer et al. (2007). 
Slika 3: Meritev gnatopodov I in II (pl – dolžina propodusa, pw – širina propodusa, pd – diagonala propodusa). 
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3.6 STABLE ISOTOPE ANALYSIS 
 
3.6.1 Samples preparation 
 
Animal samples were crushed using a mortar and pestle, weighted at 0.500 mg (cave 
animals) or 0.075-0.350 mg (interstitial animals), and enclosed in tin capsules. We avoided 
using parts of the cave animals that contained digestive system, as gut contents may affect 
the isotope ratio of the sample (Mateo et al., 2008). We prepared one sample per individual, 
except for two individuals of every cave species, where we analyzed two samples per 
individual.  
 
Samples of sediments, CPOMs and FPOMs were processed prior to stable isotope analyses 
to remove calcium carbonate (CaCO3) using adapted rinsing method (Brodie et al., 2011). 
Roughly 0.5 g of each sample was weighted and treated with 2 M hydrochloric acid (HCl). 
After adding HCl, the tubes were left for 4-24 hours and then checked for remaining CaCO3. 
When there was no more produce of CO2, we decanted the supernatant, rinsed the samples 
with deionized water and centrifuged them (10 min, 5000 rpm). The rinsing process was 
repeated 2-3 times until all the acid was removed, i.e. when pH reached 4. After that, samples 
were dried in the oven at 60 °C for 1-2 days.  
 
We prepared at least three separate tin capsules containing organic material from every 
sediment, CPOM and FPOM sample for stable isotope analysis, to be able to account for 
variability in stable isotope composition. 
 
3.6.2 Stable isotope analysis 
 
Stable isotope analysis was carried out using an isotope ratio mass spectrometer 
(Isoprime100, Elementar UK Ltd, UK) coupled in a continuous flow with an elemental 
analyzer (VarioPyroCUBE, Elementar UK Ltd, UK, or FlashEA1112, Thermo Fisher 
Scientific, USA). The acronym EA/IRMS (Elemental Analyzer Isotope Ratio Mass 
Spectrometry) is used in the following text. 
 
We analyzed carbon and nitrogen elemental composition (percentage of nitrogen and 
carbon) and carbon (13C/12C) and nitrogen (15N/14N) stable isotope composition of animals 
and organic matter samples. In-house standards calibrated against IAEA-N1, IAEA-N2, 
IAEA-CH6 and IAEA-C3 reference materials were analyzed with the samples, and the 
standard deviations of the replicate analyses were lower than 0.20‰. The carbon and 
nitrogen stable isotope compositions were expressed as δ in ‰ with V-PDB (δ13C) and air 
(δ15N) as standards. Isotopic data (δ13C and δ15N) of animals and food sources are listed in 
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3.7 DATA ANALYSIS 
 
Data manipulation, analysis and visualization were carried out in R version 3.5.3 (R Core 
Team, 2019) and RStudio version 1.1.383 (RStudio Team, 2016). We used “readxl” package 
(Wickham and Bryan, 2019) for data import, “xlsx” for saving data frames (Dragulescu and 
Arendt, 2018)  and “dplyr” package for data manipulation (Wickham et al., 2019). Graphics 
were done with “ggplot2” (Wickham, 2016), “RColorBrewer” (Neuwirth, 2014) and 
“forcats” (Wickham, 2019) packages. Other packages used for data analysis and 
manipulation are cited within relevant sections. 
 
3.7.1 Morphological data 
 
Niphagus species handle food with the first two trunk appendages, gnathopods. To quantify 
propodus size and shape, we calculated its perimeter and palm inclination as α angle. Size 
of the gnathopod corresponds to muscle size and strength of the grip. The propodus angle 
defines the maximum size of the food particle that can be grabbed. Species with more 
inclined propodus, or palm (smaller angles), can grab bigger particles compared to species 
with larger angles (Fišer et al., 2019). We calculated perimeters of gnathopods using 
Equation (1) and the angle between pl and pw (Figure 3) using the cosine theorem (Equation 
(2)).  
 
Gnathopod perimeter = pl + pw + pd      … (1)  
 
cosα =  
pw2 + pl2 − pd2
2 ∙ pl ∙ pw
         … (2)  
 
The size of the gnathopods depends on the size of the animal. To account for the body size, 
we fitted two linear models (body size – gnathopod I perimeter and body size – gnathopod 
II perimeter) and obtained predicted and residual values of gnathopod I and II perimeters. 
Species means of residuals were used in further analyses. 
 
To evaluate differences between species occurring within the same communities, we ran 
Kruskal-Wallis rank sum test for five morphological traits (body size, gnathopod I and II 
angle and perimeter) and isotopic data. In communities where three species co-occur (Cave 
1, Vodna jama v Lozi and Cave 3, Podpeška jama), we additionally ran Dunn’s post-hoc test 
with Bonferroni correction for P to rigorously test pairwise differences between species. 
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3.7.2 Isotopic data 
 
C and N isotope ratios of animals and food sources were first visualized as δ13C/δ15N biplots. 
With these results, we were able to determine the food sources that are probably exploited 
within each community. The food sources were determined based on their isotopic 
composition and distance from the isotopic composition of animals. Once we determined the 
plausible food sources, we tested different trophic position models using “tRophicPosition” 
package (Quezada-Romegialli et al., 2018).  
 
For each community, we tested one-baseline and two-baselines models (i.e. models in which 
the mean of all basal resources is used as a single δ15N baseline (Vander Zanden et al., 1997) 
and models in which two resources have contrasted isotope compositions (Vander Zanden 
and Rasmussen, 2001)) with different combination of food sources. Detailed overview of 
the tested models is given in Annex D. 
 
Input data for the models included raw measurements of isotope composition of selected 
food sources (three measurements per sample) and animals. We used a robust and widely-
used estimate of trophic discrimination factors (TDF) 3.4 ± 0.98 for nitrogen (ΔN) and 0.39 
± 1.3 for carbon (ΔC) (Post, 2002), but we are aware that TDFs can also be different due to 
various reasons (see e. g. Post, 2002; Vanderklift and Ponsard, 2003; Vander Zanden and 
Rasmussen, 2001). Trophic baseline, as well as TDF, are variable and may bring some 
uncertainty to such analyses. However, calculations of trophic position within the Bayesian 
framework enable overcoming the issue, as this approach accounts for baseline and TDF 
uncertainty (Quezada-Romegialli et al., 2018). 
 
In Caves 1, 3 and 5, as well as in both interstitial communities, the results refuted the two-
baselines models, whereas in Cave 2 both (two-baselines and one-baseline) models are 
possible. As the relations between species remain the same when using either of the models, 
we here report results based on the one-baseline model. For all localities, except for Cave 4 
(Ševerova pećina), we used a single baseline model comprising multiple food sources as 
listed in Table 2 in the final analysis. In the case of Cave 4, we failed to sample relevant food 
sources and avoided calculations of trophic position based only on a single food source.  We 
thus excluded this locality from trophic position analyses. 
 
Table 2: Overview of trophic baselines used in the final trophic position calculations. 
Preglednica 2: Pregled uporabljenih trofičnih osnovnic v končnih izračunih trofičnih nivojev. 
Locality Locality (working name) Food sources included in trophic baseline 
Vodna jama v Lozi Cave 1 Sediments, CPOMs 
Pećina kod Vrane Cave 2 Moss, bat guano 
Podpeška jama Cave 3 Sediments, CPOMs 
Rupa na Brodu Cave 5 Sediments, CPOMs 
Sora – Dol Interstitial 1 FPOM, CPOM 
Sava – Sneberje  Interstitial 2 FPOM, CPOM 
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We calculated trophic positions (TP) of species and individuals. TP of individuals was 
calculated with a simple equation (“Parametric TP”, Equation (3)). The parameter λ is a 
trophic level of food sources. In our case, we used λ = 1. 
 
Parametric TP = λ +
δ15N (consumer)− δ15N (baseline)
∆N
    … (3) 
 
The TP of each species was calculated with Bayesian approach using one-baseline model, 
run with three Markov chains Monte Carlo (MCMC) for 200,000 iterations, thinning interval 
of 1,000 iterations, and the burn-in set to 80,000. We extracted posterior TPs, their median, 
mode and 95% credibility intervals and used species’ posterior TP modes in further analyses. 
In order to evaluate species’ differentiation in the use of food resources across communities, 
we calculated the normalized δ13C values. We first calculated the mean and SD of δ13C of 
Niphargus individuals (consumers) in each community and then retrieved the normalized 
value for every individual (Equation (4)). We used species’ means in further analyses. 
 
Normalized δ13C = 
δ13C (consumer)− δ13C (community consumer′s mean)
δ13C SD (community consumer′s SD)
  … (4) 
 
3.7.3 Phylogenetic data 
 
In order to account for phylogenetic non-independence when assessing the correlation 
between isotopic niche and functional traits, we used the latest Niphargus phylogeny (Delić 
et al., 2020). For brevity, the phylogeny was assessed for 195 niphargid species and five 
outgroup species. It is based on one mitochondrial (COI) and two nuclear (28rS, histone H3) 
gene fragments, and calculated within Bayesian phylogenetic framework. Details are 
presented in Delić et al. (2020). We used “phytools” package (Revell, 2012) for phylogenetic 
trees extraction and manipulation.  
  
To account for phylogenetic uncertainty, we extracted 1,000 random trees out of 120,000 
trees from the stationary phase of two MCMC runs in Bayesian phylogenetic analysis and 
pruned them to include only studied cave species. Interstitial species were excluded due to 
missing morphological and isotopic data.  
 
3.7.4 Correlation analyses 
 
A correlation between morphology and isotopic niche was assessed using phylogenetically 
corrected correlational analyses in Bayes Traits V3.0.1 (Meade and Pagel, 2017). We 
separately tested whether gnathopod size and palm inclination of each pair of gnathopods 
correlates with trophic position of species and normalized values of δ13C. 
 
The model in Bayes Traits assumes that quantitative trait evolved from ancestral value α 
(phylogenetically corrected mean) randomly (evolutionary model of random walk or 
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Brownian motion), with rate σ2 (phylogenetically corrected variance). Priors for α1 and α2 
for studied pair of traits were drawn from uniform distributions within the interval between 
-100 and +100, whereas evolutionary rates were estimated from the data. Pairwise 
correlations were estimated in 107 MCMC iterations with thinning interval set to 1,000. 
Mixing, the proportion of proposed changes to a chain that is accepted, was autotuned at 
acceptance rate between 30-40% when the chain reached stationary phase. The first 10% of 
iterations were discarded as burn-in. The magnitude of correlation was estimated with the 
distribution of correlational coefficients R and its significance was assessed by comparison 
to analysis in which correlation was set to zero (command TestCorrel).  
 
In all analyses, we estimated the log of marginal likelihood using stepping-stones sampler 
(command Stone). We converted these values into Log Bayes factors, which helped us to 
evaluate in what extent unconstrained analysis differs from the analysis set to zero (Meade 
and Pagel, 2017 and references therein). The 95% credibility intervals of correlational 
coefficients (R) were calculated with R package “bayestestR” (Makowski et al., 2019) using 
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We report results in three subsections. The first encompasses results of morphometry,  
i. e. differences in body size and gnathopod traits between cave species and localities. The 
second subsection encompasses results of SIA in the form of isotopic biplots for all cave and 
interstitial localities and trophic position estimates. Results of correlation analyses between 




All co-occurring species differed in three to five morphological traits (Figures 4, 5 and 7, 
Table 3). 
 
Table 3: Results of analyses of morphological traits. P-values obtained with Kruskal-Wallis test of 
morphological and isotopic differences between co-occurring cave Niphargus species. Dunn’s post-hoc test 
with Bonferroni correction for P was conducted for Caves 1 and 3 to test pairwise comparisons of species.  
Sp. no. = number of species in the community, BS = body size, perim. = perimeter. Significant P- values 
boldfaced. 
Preglednica 3: Rezultati analize morfoloških lastnosti. P-vrednosti pridobljene s Kruskal-Wallis testom razlik 
v morfologiji in izotopih med so-pojavljajočimi vrstami Niphargus iz jam. Pri jamah 1 in 3  (Cave 1 in 3) smo 
izvedli še Dunnov post-hoc test z Bonferroni popravkom za vrednost P za parne primerjave vrst. Sp. no. = 








I angle II angle I perim. II perim. 
Cave 1 3 0.00133 0.25 < .001 0.011 0.00391 0.00316 0.00850 
Cave 2 2 0.070 < .001  < .001 0.00970 0.58  < .001 0.093 
Cave 3 3 0.36 < .001  < .001  < .001  < .001  < .001  < .001 
Cave 4 2 0.87  < .001 0.00684  < .001  < .001 0.47 0.014 
Cave 5 2 < .001  < .001  < .001 0.00293 0.31 0.13 0.00268 
 
 
Cave 1 pairwise comparisons   
orc spL  < .001 1.0  < .001 0.75 0.00438 0.028 0.65 
orc sty 0.018 0.40 0.11 0.013 0.014 0.00240 0.57 
spL sty 0.58 0.69 0.022 0.18 1.0 1.0 0.00629 
 
 
Cave 3 pairwise comparisons   
lon pac 0.58  < .001  < .001 0.021 0.00735 0.11 0.59 
lon pod 0.78  < .001 0.014 0.065 0.13 0.00446  < .001 
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Body size significantly differed in two out of five cave localities, Cave 1 (three species, 
Vodna jama v Lozi, P < .01) and Cave 5 (two species, Rupa na Brodu, P < .001) (Kruskal-
Wallis rank sum test, Table 3, Figure 4). In Cave 1, one species, N. orcinus, stands out as by 
far the largest species sampled across all localities (Dunn’s post-hoc test: N. orcinus – N. sp. 
Loza P < .001; N. orcinus – N. stygius P < .05), while there was no significant difference in 
the pair of smaller species (Table 3).  
 
 
Figure 4: Body size of cave species. Body size was inferred from the length of the head and three following 
segments of pereon (mean of three measurements). Individuals represented with dots. Significant differences 
in Cave 1 (P < .01) and Cave 5 (P < .001) (See Table 3). 
Slika 4: Telesna velikost jamskih vrst. Telesna velikost (Body size) predstavljajo dolžina glave in naslednjih 
treh somitov pereona (povprečje treh meritev). Posamezni osebki so predstavljeni s pikami. Značilne razlike v 
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Mean inclination of palms ranged between 38.8° – 54° for gnathopod I and 48.0° – 60.2° for 
gnathopod II. The angles of gnathopods I and II differed significantly between co-occurring 
species in four and five communities, respectively (Table 3, Figures 5 and 6).  
 
Gnathopod I angle showed no difference between species only in Cave 1 (Vodna jama v 
Lozi), whereas in all other communities, P- values were below 0.001. In Cave 3, the only 
pair of species not showing significant differences was N. pachytelson – N. podpecanus.  
Gnathopod II angle significantly differed in all communities (P < .01 in Cave 4, others  
P < .001). Pairwise comparisons of species from Caves 1 and 3 showed that all three species 
significantly differed from each other (P < .05, exact values in Table 3). 
 
 
Figure 5: Inclination of palms of propodi of gnathopod I and II. Individuals represented with dots. P < .001 in 
all communities except Cave 1 (not significant) for gnathopod I; P < .001 in all communities except Cave 4 (P 
< .01) for gnathopod II (see Table 3). 
Slika 5: Naklon propoda gnatopodov I in II. Posamezni osebki so predstavljeni s pikami. P < .001 v vseh 
združbah, razen v jami 1 (Cave 1) (neznačilen) za gnathopod I; P < .001 v vseh združbah razen v jami 4 (Cave 
4) (P < .01) za gnathopod II (Preglednica 3). 
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Figure 6: Comparison of gnathopod angles (inclination) and shape. Left: N. dalmatinus (larger angle, square-
like shape). Right: N. subtypicus (smaller angle, triangle-like shape). Above: gnathopods I, below: gnathopods 
II. 
Slika 6: Primerjava kotov (nagiba) in oblik gnatopodov. Levo: N. dalmatinus (večji kot, kvadratu podobna 
oblika). Desno: N. subtypicus (manjši kot, trikotniku podobna oblika). Zgoraj: gnatopodi I, spodaj: gnatopodi 
II. 
 
Gnathopod perimeters differed significantly between co-occurring species in five and three 
communities for gnathopod I and II, respectively (Table 3, Figure 8). 
 
 
Figure 7: Comparison of N. dalmatinus (left) and N. pachytelson (right) relative gnathopod sizes. Photos by 
Teo Delić. 
Slika 7: Primerjava relativnih velikosti gnatopodov pri N. dalmatinus (levo) in N. pachytelson (desno). Avtor 
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Gnathopod I perimeter showed significant differences in all communities. Pairwise 
comparisons showed that only N. orcinus – N. stygius species pair differed (P < .05) in Cave 
1. In Cave 3, N. pachytelson differed from the other two species (Table 3).  Gnathopod II 
perimeter showed significant differences in Cave 1 (P < .01) and Caves 3 and 4 (P < .001). 
In Cave 1, the gnathopod II of N. orcinus was larger than in the remaining two species, which 
did not differ from each other (Table 3). In Cave 3, N. pachytelson had larger gnathopods 
than the other two species; the latter pair did not differ from each other (Table 3). 
 
 
Figure 8: Gnathopod I and II perimeter residuals of cave species obtained from linear model. Individuals 
represented with dots. Significant differences between species in all localities; Cave 1 P < .05, Caves 2 and 5 
P < .01, Caves 3 and 4 P < .001 for gnathopod I; Cave 1 P < .01, Caves 3 and 4 P < .001, Caves 2 and 5 not 
significant for gnathopod II (see Table 3). 
Slika 8: Reziduali obsegov gnatopodov I in II jamskih vrst, pridobljeni z linearnim modelom. Posamezni osebki 
so predstavljeni s pikami. Značilne razlike med vrstami pri vseh lokacijah; jama 1 (Cave 1) P < .05, jami 2 in 
5 (Caves 2 in 5) P < .01, jami 3 in 4 (Caves 3 in 4) P < .001 za gnatopod I; jama 1 (Cave 1) P < .01, jami 3 in 
4 (Caves 3 in 4) P < .001, jami 2 in 5 (Caves 2 in 5) brez značilnih razlik za gnatopod II (Preglednica 3). 
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4.2 SIA RESULTS AND TROPHIC POSITION ESTIMATES 
 
The results of SIA are shown as isotopic biplots, encompassing all analysed organic matter 
samples and Niphargus specimens (details listed in Annexes A1 and A2). Mean and standard 
deviation of multiple measurements are shown for samples of organic matter. Not all of these 
samples were included in the trophic baseline as possible food sources (see Table 2 and 
Annex A2).  
 
Trophic baselines, shown as dashed lines on the plots, are a mean of all organic matter 
samples which were included in the baselines as food sources. This single value was not 
used in the models for trophic position estimates and serves rather as a line visualizing an 
approximate position of the baselines.   
 
Co-occurring Niphargus species differentiated either along δ15N (Cave 2, Figure 10), δ13C 
(Cave 4, Figure 12; Cave 5, Figure 13) or both (Cave 1, Figure 9; Cave 3, Figure 11; 
Interstitial 1-2, Figures 14-15) axes.  
 
In Cave 1, N. orcinus has higher δ15N values with the mean of 9.74 ± 0.22 than other species 
with the means of 7.25 ± 0.47 (N. stygius) and 7.64 ± 0.94 (N. sp. Loza), indicating that it 
feeds at higher trophic level. Although the latter two species do not differ in δ15N, they show 
differentiation along δ13C axis (Kruskal – Wallis rank sum test, P < .01, Table 3) with the 
means of -25.75 ± 0.95 (N. stygius) and -24.37 ± 1.46 (N. sp. Loza) (Figure 9). 
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Figure 9: Isotopic data of three Niphargus species from Cave 1 (Vodna jama v Lozi). Mean values (± SD) of 
organic matter samples represented with squares (CPOM) and circles (sediments). Food sources included in 
trophic baseline are shown with a black outline.  
Slika 9: Izotopski podatki za tri vrste Niphargus iz jame 1 (Cave 1) (Vodna jama v Lozi). Povprečne vrednosti 
(± SD) vzorcev organske snovi so predstavljene s kvadrati (grobi delci organske snovi - CPOM) in krogi 
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The two species from Cave 2 differ in δ15N values. N. kolombatovici has higher δ15N values 
(10.89 ± 0.60) than N. dalmatinus (9.16 ± 0.68). Conversely, the species do not differ in δ13C 
(N. dalmatinus: -35.67 ± 2.87, N. kolombatovici: -36.91 ± 1.41) (Figure 10). 
 
 
Figure 10: Isotopic data of two Niphargus species from Cave 2 (Pećina kod Vrane). Mean values (± SD) of 
organic matter samples represented with squares (CPOM) and circles (sediments). Food sources included in 
trophic baseline are shown with a black outline.  
Slika 10: Izotopski podatki za dve vrsti Niphargus iz jame 2 (Cave 2) (Pećina kod Vrane). Povprečne vrednosti 
(± SD) vzorcev organske snovi so predstavljene s kvadrati (grobi delci organske snovi - CPOM) in krogi 





Premate E. Trophic differentiation and functional morphology of Niphargus (Amphipoda: Niphargus).   
    M. Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, MSc Ecology and Biodiversity, 2020  
  
   
  
 
In Cave 3, one species, N. podpecanus, differs from the other two in δ15N and δ13C (Table 
3, Figure 11). Mean δ15N of N. podpecanus is 7.73 ± 0.80, while the other species means are 
10.90 ± 0.43 (N. longiflagellum) and 11.59 ± 0.33 (N. pachytelson), indicating that N. 
podpecanus occupies lower trophic position compared to N. longiflagellum and N. 
pachytelson. N. podpecanus is distinct also by its δ13C values (-23.22 ± 1.00) compared to 
N. longiflagellum and N. pachytelson (-27.04 ± 1.35 and -25.86 ± 0.99, respectively).  
N. longiflagellum and N. pachytelson do not differ significantly in either of isotopic ratios 
as revealed by pairwise comparisons (Kruskal – Wallis rank sum test, Table 3). 
 
 
Figure 11: Isotopic data of three Niphargus species from Cave 3 (Podpeška jama). Mean values (± SD) of 
organic matter samples represented with squares (CPOM) and circles (sediments). Food sources included in 
trophic baseline are shown with a black outline.  
Slika 11: Izotopski podatki za tri vrste Niphargus iz jame 3 (Cave 3) (Podpeška jama). Povprečne vrednosti  
(± SD) vzorcev organske snovi so predstavljene s kvadrati (grobi delci organske snovi - CPOM) in krogi 
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Species pairs from Caves 4 and 5 show similar differentiation patterns, with no distinction 
in δ15N, but significant differences in δ13C (P < .05 in Cave 4, P < .01 in Cave 5; Kruskal – 
Wallis rank sum test, Table 3). Mean values of δ15N  of species from Cave 4 are 9.42 ± 0.68  
(N. croaticus) and 9.54 ± 1.99 (N. antipodes), while δ13C mean values are -29.59 ± 1.85  
(N. croaticus) and -33.20 ± 3.1 (N. antipodes) (Figure 12).  
 
Mean values of δ15N of species from Cave 5 are 11.53 ± 0.88 (N. subtypicus) and  
11.01 ± 0.80 (N. sp. Rupa). N. subtypicus’ δ13C mean is -23.14 ± 0.78, while N. sp. Loza’s 
mean is -24.61 ± 1.34 (Figure 13). 
 
 
Figure 12: Isotopic data of two Niphargus species from Cave 4 (Ševerova pećina). Mean values (± SD) of 
organic matter samples represented with squares (CPOM) and circles (sediments). Trophic baseline could not 
have been determined (see 3.7.1). 
Slika 12: Izotopski podatki za dve vrsti Niphargus iz jame 4 (Cave 4) (Ševerova pećina). Povprečne vrednosti 
(± SD) vzorcev organske snovi so predstavljene s kvadrati (grobi delci organske snovi - CPOM) in krogi 
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Figure 13: Isotopic data of two Niphargus species from Cave 5 (Rupa na Brodu). Mean values (± SD) of 
organic matter samples represented with squares (CPOM) and circles (sediments). Food sources included in 
trophic baseline are shown with a black outline.  
Slika 13: Izotopski podatki za dve vrsti Niphargus iz jame 5 (Cave 5) (Rupa na Brodu). Povprečne vrednosti 
(± SD) vzorcev organske snovi so predstavljene s kvadrati (grobi delci organske snovi - CPOM) in krogi 
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In both interstitial communities, individuals show differences in both isotope ratios. Due to 
small number of individuals per species and substantial share of individuals left without 
species identification, statistical differences could not be assessed. However, in Interstitial 1 
(Sora river), the existing data indicate that the two identified species differ in δ15N, as well 
as in δ13C values (Figure 14). Means of δ15N are 10.67 ± 0.58 and 5.43 ± 1.74 for N. 
pectinicauda and N. labacensis, respectively. Means of δ13C are -25.22 ± 0.60 in N. 
pectinicauda and -26.39 ± 0.36 in N. labacensis. In Interstitial 2, the aforementioned species 




Figure 14: Isotopic data of Niphargus species from Interstitial 1 (Sora river near Dol). Individuals with missing 
species diagnosis are labelled as N. spp. Mean values (± SD) of organic matter samples represented with 
squares (CPOM) and triangles (FPOM). All were included as food sources in trophic baseline. 
Slika 14: Izotopski podatki za vrste Niphargus iz intersticija 1 (Interstitial 1) (Sora pri Dolu). Osebki, pri katerih 
določitev vrste ni bila možna, so označeni kot N. spp. Povprečne vrednosti (± SD) vzorcev organske snovi so 
predstavljene s kvadrati (grobi delci organske snovi - CPOM) in trikotniki (drobni delci organske snovi - 
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Figure 15: Isotopic data of Niphargus species from Interstitial 2 (Sava river near Sneberje). Individuals with 
missing species diagnosis are labelled as N. spp. Mean values (± SD) of organic matter samples represented 
with triangles (FPOM). All were included as food sources in trophic baseline. 
Slika 15: Izotopski podatki za vrste Niphargus iz intersticija 2 (Interstitial 2) (Sava pri Sneberju). Osebki, pri 
katerih določitev vrste ni bila možna, so označeni kot N. spp. Povprečne vrednosti (± SD) vzorcev organske 
snovi so predstavljene s trikotniki (drobni delci organske snovi - FPOM). Vsi so bili kot prehranski viri 
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Using trophic discrimination factor of 3.4 ± 0.98 for nitrogen (ΔN), Bayesian and parametric 
trophic position calculations showed that Niphargus species feed at trophic positions ranging 
from approximately 2 (primary consumer) to almost 4 (third-level consumer) (Table 4).  
 
Table 4: Bayesian and parametric trophic position estimates based on nitrogen stable isotope results.  
TP = trophic position. For Bayesian TP estimate, mode and its lower and upper credibility intervals are given. 
Species means are given for parametric TP estimate. 
Preglednica 4: Bayesijanske in parametrične ocene trofičnih nivojev na podlagi rezultatov stabilnih izotopov 
dušika. TP = trofični nivo. Pri Bayesijanski oceni TP so podani modus ter spodnji in zgornji interval 
verodostojnosti. Pri parametrični oceni TP (Parametric TP estimate) so podana povprečja vrst. 
Species Locality 
Bayesian TP estimate Parametric 
TP estimate Lower Mode Upper 
N. orcinus 
Cave 1 (Vodna jama v Lozi) 
3.13 3.44 3.87 3.46 
N. sp. Loza 2.45 2.84 3.23 2.84 
N. stygius 2.38 2.72 3.02 2.73 
N. dalmatinus 
Cave 2 (Pećina kod Vrane) 
1.78 2.07 2.40 2.05 
N. kolombatovici 2.21 2.56 2.87 2.56 
N. longiflagellum 
Cave 3 (Podpeška jama)  
3.09 3.33 3.57 3.31 
N. pachytelson 3.30 3.51 3.83 3.51 
N. podpecanus 2.14 2.37 2.63 2.38 
N. croaticus 
Cave 4 (Ševerova pećina) 
NA NA NA NA 
N. antipodes NA NA NA NA 
N. sp. Rupa 
Cave 5 (Rupa na Brodu) 
2.11 2.66 3.14 2.61 
N. subtypicus 2.26 2.77 3.28 2.76 
N. labacensis 
Interstitial 1 (Sora – Dol) 1.50 2.45 3.29 2.45 
Interstitial 2 (Sava – Sneberje) NA NA NA 3.05 
N. pectinicauda 
Interstitial 1 (Sora – Dol) 3.66 3.96 4.42 3.99 
Interstitial 2 (Sava – Sneberje) NA NA NA 4.17 
N. longidactylus Interstitial 2 (Sava – Sneberje) NA NA NA 3.95 
 
The lowest trophic position is occupied by N. dalmatinus (mode 2.07, 95% CI 1.78-2.4) from 
Cave 2, while the highest is occupied by N. pectinicauda (mode 3.96, 95% CI 3.66-4.42) 
from Interstitial 1. Among cave species, N. pachytelson feeds at the highest trophic position 
(mode 3.51, 95% CI 3.30-3.83).  
 
Trophic position estimate was possible in eleven species. Nine out of those feed above 
trophic position 2.5, indicating that they at least partially incorporate primary consumers to 
their diet via predation or scavenging. In cave species, N. orcinus, N. longiflagellum and N. 
pachytelson reach trophic position over three, indicating the usage of predatory feeding 
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4.3 CORRELATION ANALYSES 
 
Correlation analyses between morphological traits and trophic position in ten cave species 
revealed positive correlation between gnathopod size (i. e. gnathopod perimeter) and trophic 
position (Table 5, Figure 16). Additionally, we found a negative correlation between 
gnathopod angle and normalized δ13C values (Table 5, Figure 17). 
 
Log Bayes Factors suggest a positive and strong evidence for correlation between gnathopod 
I and II perimeter and trophic position, respectively. Positive evidence was also found for 
correlations of gnathopod angles and normalized δ13C values (Tables 5 – 6).  
 
 
Table 5: Results of correlation analyses. Correlation coefficients (R) and log Bayes Factors (log BF) between 
morphological traits, trophic position (mode of Bayesian estimation), and normalized C values are given. 
Boldfaced values differ from a correlation set to zero. 95% credibility intervals calculated using highest density 
interval method are given for R. 
Preglednica 5: Rezultati korelacijskih analiz. Podani so korelacijski koeficienti (R) in log Bayes faktorji (log 
BF) med morfološkimi lastnostmi, trofičnimi nivoji (modus Bayesijanske ocene) in normaliziranimi 
vrednostmi C. Vrednosti v krepkem se razlikujejo od korelacije, nastavljene na nič. 95% intervali 
verodostojnosti, izračunani z uporabo metode HDI (highest density interval) so podani za R. 
 Trophic position (10 species) Normalized δ
13C (12 species) 
Morphological trait R / log BF 95 % CI for R R / log BF 95 % CI for R 
Gnathopod I perimeter 0.62 / 4.63 0.46 0.80 0.07 / 0.08 -0.15 0.29 
Gnathopod I angle -0.33 / 1.26 -0.58 -0.08 -0.58 / 4.73 -0.73 -0.44 
Gnathopod II perimeter 0.70 / 6.48 0.56 0.85 0.03 / 0.07 -0.19 0.26 
Gnathopod II angle -0.32 / 1.05 -0.59 -0.07 -0.44 / 2.42 -0.61 -0.26 
 
Interpretation of Log Bayes Factor values (after Meade and Pagel (2017) and references therein): <2 weak 
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Figure 16: Correlation between gnathopod perimeter and trophic position (10 species). Mean of gnathopod 
perimeter and mode of trophic position with 95% credibility intervals are shown for each species. Modes of 
trophic position and means of gnathopod perimeters of species were used in calculations of correlation 
coeficient R.  
Slika 16: Korelacija med obsegom gnatopoda in trofičnim nivojem (10 vrst). Za vsako vrsto sta prikazana 
povprečen obseg gnatopoda in modus trofičnega nivoja s 95% intervali verodostojnosti. Pri izračunih 
korelacijskega koeficienta R smo uporabili moduse trofičnih nivojev in povprečne obsege gnatopodov 
posameznih vrst. 
42 
Premate E. Trophic differentiation and functional morphology of Niphargus (Amphipoda: Niphargus).   
    M. Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, MSc Ecology and Biodiversity, 2020  
  




Figure 17: Correlation between gnathopod angle and normalized δ13C values (12 species). Means of gnathopod 
angle and means of normalized δ13C values are shown for each species and were used in calculations of 
correlation coeficient R.  
Slika 17: Korelacija med kotom gnatopoda in normaliziranimi vrednostmi δ13C (12 vrst). Za vsako vrsto so 
prikazani povprečni koti gnatopodov in povprečne normalizirane vrednosti δ13C, ki so tudi bile uporabljene za 
izračune korelacijskega koeficienta R. 
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Our results demonstrate that co-occurring Niphargus species differ in their isotopic niche 
and gnathopod morphology in all analyzed cave communities, implying for the distinct use 
of food resources and feeding strategies among different species. Similar results were found 
within interstitial communities. This implicit evidence suggests that trophic niche 
differentiation indeed mediates species coexistence, either with respect to food source 
inferred from δ13C, or trophic level inferred from δ15N. We acknowledge that we have not 
experimentally tested whether species pairs really coexist, or merely temporary co-occur 
(Leibold and McPeek, 2006) as breeding of these species is challenging. However, a revision 
of the samples of non-targeted sampling campaigns in our collection confirmed that these 
species pairs or triplets are regularly found in the study localities, implying that these species 
indeed co-occur for longer periods of time (Annex B). Given that we found similar patterns 
of co-occurring species across different communities, we suggest that this pattern cannot be 
attributed to random processes alone. This result importantly complements previous studies 
which showed that Niphargus species separate their ecological niches with respect to 
physical (pore size, water currents, temperature) and chemical conditions (salinity, acidity, 
presence of sulphide) (Fišer et al., 2015; Sket, 1996; Trontelj et al., 2012). Furthermore, we 
showed that differences in trophic niches cannot be attributed to phylogenetic contingency 
alone (Hutchins et al., 2014), as they were found among species of the same genus.  
 
The following conclusions need to be treated with some caution. Although stable isotope 
analysis is a powerful, widely used tool in ecological research (Fry, 2006; Layman et al., 
2012; Post, 2002), few sources of uncertainty in such studies remain notable. Such examples 
are the choice of trophic discrimination factor (TDF) and determination of trophic baselines, 
as they are the parameters included in calculations of consumers’ trophic position. First, 
TDFs may vary due to various physiological and environmental reasons (Bastos et al., 2017; 
Layman et al., 2012; Vanderklift and Ponsard, 2003; Vander Zanden and Rasmussen, 2001). 
As there are yet no available estimates of TDFs for Niphargus, we used robust and widely 
used estimates for both carbon and nitrogen isotopes. Second, determination of trophic 
baseline can be problematic when numerous basal resources are available within complex 
food webs (Layman et al., 2012). Food webs in cave ecosystems are simple, but mostly rely 
on allochthonous food sources, which can be spatially patchy and temporally variable. We 
collected all present types of organic matter, although we cannot rule out additional food 
sources in inaccessible parts of the caves, or sources which were not present at the times of 
sampling. Bayesian approaches in calculations of trophic positions overcome these issues to 
some extent, taking into account the variability and uncertainty brought with TDFs and 
trophic baselines (Layman et al., 2012; Quezada-Romegialli et al., 2018, and references 
therein). Stable isotope analysis can also be supplemented with other approaches, such as 
diet analysis and feeding behavior, which provide additional insight into the trophic 
relationships and support the results obtained with SIA (Layman et al., 2012; Layman and 
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Post, 2008), but are beyond the scope of our study. However, the usage of previously 
described methods, i. e. trophic position estimates with credibility intervals derived from 
Bayesian calculations, allowed us to reliably compare results across communities despite the 
mentioned uncertainties.  
 
Our results have two important implications of broad interest. The first such implication is 
that size and shape of gnathopods can be used as functional traits. The positive correlation 
between gnathopod size and trophic position indicates that larger gnathopods are associated 
with differentiation along trophic levels, i.e., species with smaller and larger gnathopods 
occupy lower and higher trophic positions, respectively. Further, we found negative 
correlation between gnathopod angle and normalized δ13C values. Gnathopod angle 
determines the maximum size of food particles that can be grabbed (Fišer et al., 2019) and 
could potentially explain the differential use of food resources within communities. 
However, identification of direct links between gnathopod angle and exact food sources was 
beyond the scope of our study. Nevertheless, we conclude that gnathopod size and shape are 
functional traits that can be used as a morphological predictors of species’ trophic ecology. 
 
Functional traits can be integrated into analyses of ecological patterns and processes (Calow, 
1987; McGill et al., 2006; Mittelbach and McGill, 2019). The recognition of morphological 
functional traits related to species’ trophic ecology allows us to indirectly infer their roles 
within food webs, and consequently implement this approach in the studies of functional 
diversity. Further, functional traits related to trophic ecology influence ecosystem-level 
processes through having an impact on energy flow and nutrient cycling (Tyler et al., 2012; 
Webb et al., 2009). As such, they can be used to explain ecological patterns and processes 
on larger scales, e. g. within the framework of functional biogeography (Violle et al., 2014) 
or in macroecological studies, but with awareness on proper trait selection and possible 
knowledge gaps (Rosado et al., 2016; Tyler et al., 2012). 
 
Secondly, our study contributes to understanding of subterranean functional diversity. 
Subterranean food webs have long been considered as “truncated” both at their base and top 
(Gibert and Deharveng, 2002), comprising only two trophic levels, decomposers and 
predators (Mohr and Poulson, 1966). Aquatic subterranean food chains are supposedly 
limited up to three trophic levels (Graening and Brown, 2003; Graening, 2005; Pohlman et 
al., 1997; Roach et al., 2011; Sacco et al., 2019; Sarbu et al., 1996). The longest hitherto 
reported food chain from Edward’s Aquifer in Texas provided the evidence for the secondary 
predator level, i.e. the fourth trophic level (Hutchins et al., 2016; Hutchins and Schwartz, 
2013).  
 
Our results suggest that cave Niphargus feed as detritivores or predators. Trophic positions 
above 2.5 and even over 3.0 imply that many species supplement their diet with or entirely 
depend on predation. Even though present methods do not discriminate predation from 
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scavenging, past behavioural studies and narrative field observations support the hypothesis 
of predatory nature of some Niphargus species (Luštrik et al., 2011; Sket, 1958). Based on 
this result, we hypothesize that four-trophic level food chains may not be that rare along the 
Dinaric Karst.  In one of the studied cave communities, Podpeška jama (Cave 3), two species 
reached trophic positions of 3.3 and 3.5. The largest subterranean vertebrate and predator, 
Proteus anguinus, living in this cave, potentially adds another trophic level. Furthermore, 
trophic positions of Niphargus from both interstitial communities were around 4.0, which 
also exceeds the presumed maximum for subterranean habitats. To our knowledge, these are 
the first insights to subterranean aquatic food chains of the Dinaric Karst, obtained through 
stable isotope analysis. Subterranean communities of the Dinaric Karst may thus harbour not 
only high species diversity (Culver and Pipan, 2009; Culver and Sket, 2000), but also high 
functional diversity associated with diverse food webs.  
 
The above discussed seemingly different aspects of ecology are interconnected. Trophic 
characteristics of a species reflect its role in ecological networks and are a part of the impact 
niche component (Chase and Leibold, 2003; Devictor et al., 2010). According to Letten et 
al. (2017), changes in impact niche overlap among species reflect the presence of stabilizing 
coexistence mechanisms. Subterranean communities are generally simpler compared to 
surface ecosystems (Culver and Pipan, 2009; Mammola, 2019). As such they represent a 
suitable framework for studying how mechanisms involved in community assembly underlie 
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Based on the results obtained with stable isotope analysis, we conclude that: 
 
1) Co-occurring Niphargus species differ in their isotopic niche. Species differentiate 
either along δ15N, δ13C, or both. 
 
2) Co-occurring Niphargus species from three out of five cave communities and from 
both interstitial communities differ in trophic position.  
 
3) Niphargus species occupy trophic positions ranging from roughly 2.0 to 4.0. This 
implies that Niphargus feed as detritivores or predators, including even secondary-
level predators. 
 
Based on the results obtained with morphometry and correlation analyses, we conclude that: 
 
4) Co-occurring Niphargus species differ in gnathopod morphology in all five cave 
communities. 
 
5) Gnathopod size positively correlates with trophic position. Species with smaller and 
larger gnathopods occupy lower and higher trophic positions, respectively. 
 
6) Gnathopod shape, i. e. gnathopod angle, negatively correlates with δ13C values. This 
correlation remains without biological explanation in the present study. 
 
7) Gnathopod size and shape are functional traits that can be used as a morphological 
predictor of Niphargus’ trophic ecology. 
 
 
The study provides a basis for future macroecological studies of functional diversity, as well 
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Understanding the processes that shape and impact ecological communities remains one of 
the key questions in ecology. Contemporary perspectives on species coexistence are 
encompassed in two different theoretical frameworks, which aim to explain coexistence with 
purely neutral mechanisms (Hubbell, 2001) and mechanisms increasing niche differences 
between species (Chesson, 2000). Included in the latter, resource partitioning facilitates 
niche differentiation especially through segregation in the use of dietary resources (Chesson, 
2000; Lush et al., 2017; Schoener, 1974).  
 
Despite its presumed importance, dietary resource partitioning and consequent trophic 
specialization remain a controversial topic in oligotrophic ecosystems with low productivity, 
like subterranean environments. Subterranean habitats are generally energy-limited and as 
such rely heavily on allochthonous food sources (Culver and Pipan, 2009; Simon, 2019; 
Simon et al., 2007; Venarsky et al., 2014). Subterranean environment presumably favors 
opportunism and generalist feeding strategies (Gibert and Deharveng, 2002), although in the 
recent decade, several studies unraveled diverse subterranean food webs and trophic 
specialists (Ercoli et al., 2019; Francois et al., 2016; Hutchins et al., 2016; Hutchins and 
Schwartz, 2013). Nonetheless, it remains unclear whether trophic niche differentiation 
mediates coexistence of subterranean species and to what extent. 
 
We focused on trophic niche differentiation among co-occurring, closely related 
subterranean species, and used amphipod genus Niphargus Schiödte, 1849 as a model 
system. The genus Niphargus is the largest freshwater amphipod genus living in 
subterranean waters of West Palearctic (Väinölä et al., 2008). It colonized virtually all types 
of subterranean aquatic habitats, exhibits high morphological and ecological diversity, and 
may form communities of up to eight species per cave (Trontelj et al., 2012). Co-occurring 
Niphargus species often differ in microhabitat preferences and morphology (Delić et al., 
2016; Fišer et al., 2015; Trontelj et al., 2012), but trophic differentiation remains poorly 
understood. Previous studies and field observations suggested that Niphargus may feed as 
detritivores, scavengers or predators (Ercoli et al., 2019; Fišer et al., 2010; Luštrik et al., 
2011; Pacioglu et al., 2020). When feeding, Niphargus use the first two pairs of appendages, 
i. e. gnathopods, to handle food particles. Substantial variability in size and shape of the 
gnathopods across different species suggest that their morphology might be related to species 
trophic ecology (Fišer et al., 2009, 2019). In the present study, we questioned whether  
1) co-occurring species differ in their isotopic niches and selected functional morphological 
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We sampled five cave and two interstitial localities, where at least two species of Niphargus 
regularly co-occur (SubBioDB, 2019). Besides animals, we also sampled all types of organic 
matter that could potentially represent food sources in subterranean aquatic habitats. Using 
stable isotope analysis, we measured carbon (C) and nitrogen (N) stable isotope ratios of 
animals and food sources. Additionally, we measured body size and selected gnathopod 
traits, i. e. gnathopod perimeter and palm inclination in cave species. Using stable isotope 
data, we determined trophic baselines for each community, and estimated trophic position 
of Niphargus species. We assessed correlation between isotopic and morphological data 
using phylogenetically corrected correlational analyses. 
 
Results suggest that co-occurring cave Niphargus species differ in their isotopic niche and 
gnathopod morphology, implying for the distinct use of food resources and feeding strategies 
among different species. Interstitial communities show similar patterns. Niphargus species 
differentiate either along δ15N, δ13C or both in all analyzed communities, implying that 
trophic niche differentiation may indeed be a mechanism enhancing niche differences and 
promoting species coexistence in subterranean environments. We found a positive 
correlation between gnathopod size and trophic position, indicating that larger gnathopods 
may be associated with differentiation along trophic levels, i.e., species with smaller and 
larger gnathopods occupy lower and higher trophic positions, respectively. We also found a 
negative correlation between gnathopod angle and normalized δ13C values, but we cannot 
identify direct links between gnathopod angle and exact food sources. Nevertheless, we 
conclude that gnathopod size and shape are functional traits that can be used as a 
morphological predictors of species’ trophic ecology. 
 
Trophic position estimates revealed that Niphargus species feed as detritivores or predators, 
including even secondary-level predators. Their trophic positions ranged from 
approximately 2.0 (detritivores) to 4.0 (secondary-level predators). Trophic positions above 
2.5 and even over 3.0 imply that many species supplement their diet with or entirely depend 
on predation. With the methods used, we cannot discriminate between predation or 
scavenging, but based on previous laboratory and field observations, our results support the 
hypothesis of predatory nature of some Niphargus species (Luštrik et al., 2011; Sket, 1958).  
 
Besides abovementioned results, our study indirectly contributes to the knowledge on 
subterranean food webs, which were long thought to be limited to the maximum of three 
trophic levels (Graening and Brown, 2003; Graening, 2005; Pohlman et al., 1997; Roach et 
al., 2011; Sacco et al., 2019; Sarbu et al., 1996). To our knowledge, trophic position 
estimates of Niphargus provide first insights into the length of the subterranean aquatic food 
chains of the Dinaric Karst, and suggest that four trophic level chains may not be that rare 
in the region known as a subterranean biodiversity hotspot (Culver and Pipan, 2009; Culver 
and Sket, 2000). 
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Razumevanje sestave, delovanja in obstoja ekoloških združb še vedno velja za enega izmed 
temeljnih izzivov v ekologiji. Ključni člen, skupen vprašanjem o ekoloških združbah, je 
sobivanje vrst. Že zgodnji avtorji (Gause, 1937) so prepoznali, da so razlike v ekoloških 
nišah osnova za sobivanje vrst. Danes je znano, da lahko sobivanje temelji na različnih 
mehanizmih, od povsem nevtralnih (Hubbell, 2001), do tistih, ki povečujejo razlike v nišah 
med vrstami (Chesson, 2000, 2018). Pomen različnih mehanizmov se razlikuje od primera 
do primera, vendar diferenciacija ekoloških niš še vedno ostaja mehanizem, s katerim lahko 
najpogosteje razložimo sobivanje vrst (Scheffer in van Nes, 2006; Tilman, 2004; Vellend, 
2010). 
 
Pogoj za vzpostavitev stabilnega sobivanja vrst je, da kompeticija znotraj vrste preseže 
kompeticijo med vrstami (Chesson, 2000). Stabilno sobivanje se lahko vzpostavi preko 
prostorske in časovne heterogenosti naravnih virov, nihanj v okolju in različne občutljivosti 
na plenilce (Chesson, 2000; Chesson in Kuang, 2008). Poleg tega lahko k stabilnemu 
sobivanju prispevajo tudi razlike v socialnem vedenju, povezanem z razmnoževanjem 
(M’Gonigle in sod., 2012; Ruokolainen in Hanski, 2016; Zhang in sod., 2004).  
 
Sobivanje vrst, ki temelji na razlikah v ekoloških nišah, se lahko razvije z diferenciacijo 
različnih komponent niše. Sobivajoče vrste se pogosto razlikujejo v izkoriščanju naravnih 
virov (Chesson, 2000), med katerimi sta najpomembnejša habitat in hrana (Schoener, 1974). 
Razdelitev prehranskih virov je lahko ključen element, ki prispeva k diferenciaciji ekološke 
niše in lahko vodi do trofične specializacije (Schoener, 1974).  
 
Čeprav so razlike v izkoriščanju prehranskih virov in trofična specializacija pomembna 
elementa pri vzpostavitvi sobivanja, je vpliv teh mehanizmov v oligotrofnih sistemih, kot so 
podzemna okolja, slabo poznan. Podzemni ekosistemi so navadno energetsko omejeni 
habitati, ki jih najbolj zaznamuje stalna tema (Culver in Pipan, 2009; Venarsky in sod., 
2014). V veliki večini so podzemni sistemi odvisni od alohtonega vnosa hranil (Culver in 
Pipan, 2009; Simon in sod., 2007), za podzemne prehranske verige pa je dolgo veljalo, da 
so funkcionalno okrnjene (Gibert in Deharveng, 2002). Pomembneje naj bi bila zastopana le 
dva trofična nivoja, detritivori in plenilci (Gibert in Deharveng, 2002; Mohr in Poulson, 
1966). Okrnjena trofična struktura in omejena razpoložljivost hrane domnevno vodita do 
oportunizma in generalizma pri podzemnih vrstah (Gibert in Deharveng, 2002). Medtem ko 
nekatere študije te domneve potrjujejo (Pacioglu in sod., 2020; Sacco in sod., 2019), druge 
razkrivajo pestrejše prehranske splete (Hutchins in sod., 2016; Hutchins in Schwartz, 2013) 
in celo trofične specialiste (Ercoli in sod., 2019; Francois in sod., 2016) v podzemlju. 
 
Zaenkrat še ni znano, ali in v kakšnem obsegu diferenciacija trofične niše prispeva k 
sobivanju vrst v podzemnih habitatih. Do zdaj se je le nekaj študij ukvarjalo s povezavo 
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diferenciacije trofične niše in sobivanja, vendar preko primerjalnih analiz (Fišer in sod., 
2019) ali pri daljno sorodnih vrstah, kjer razlikovanje med diferenciacijo niše in filogenetsko 
pogojenimi razlikami ni nedvoumno (Hutchins in sod., 2014). 
 
V študiji smo se osredotočili na diferenciacijo trofične niše pri ozko sorodnih podzemnih 
vrstah, ki se pojavljajo v istih združbah. Kot modelni sistem smo uporabili slepe postranice 
iz rodu Niphargus. Rod Niphargus Schiödte, 1849 je največji rod postranic, ki naseljuje 
celinske vode in se pojavlja v podzemnih vodah zahodne palearktike (Väinölä in sod., 2008). 
Za slepe postranice je znano, da se v združbah redno pojavlja več vrst, do osem vrst na jamo 
(Trontelj in sod., 2012). Sobivajoče vrste se med seboj pogosto razlikujejo v izbiri 
mikrohabitatov in morfologiji (Delić in sod., 2016; Fišer in sod., 2015; Trontelj in sod., 
2012).  
 
Trofična diferenciacija je pri slepih postranicah slabo poznana. Pretekle študije so pokazale, 
da se slepe postranice prehranjujejo z različnimi viri hrane in uporabljajo različne prehranske 
strategije. Prehranjujejo se lahko z razgrajujočim rastlinskim materialom, detritom, ali 
mrhovino, vendar lahko tudi aktivno plenijo (Ercoli in sod., 2019; Fišer in sod., 2010). Znano 
je, da se pri slepih postranicah pojavlja tudi kanibalizem (Luštrik in sod., 2011; Sket, 1958). 
Podatki o vlogi in trofičnem nivoju slepih postranic v podzemnih prehranskih spletih so 
redki, a nakazujejo na prehranjevanje na višjih trofičnih nivojih (Ercoli in sod., 2019; 
Pacioglu in sod., 2020). Med prehranjevanjem slepe postranice uporabljajo prva dva para 
okončin, gnatopode, za prijemanje hrane. Velikost in oblika distalnih členov gnatopodov sta 
med slepimi postranicami zelo variabilni, kar nakazuje na možne povezave med morfologijo 
in trofično ekologijo (Fišer in sod., 2009, 2019).  
 
V nalogi smo preučevali diferenciacijo trofične niše med sobivajočimi vrstami slepih 
postranic z uporabo analize stabilnih izotopov in funkcionalne morfologije. Izotopske 
tehnike so v ekoloških študijah uporabne z več različnih vidikov in nam med drugim 
omogočajo vpogled v strukturo prehranskih spletov, dolžino prehranskih verig, oceno 
trofičnega nivoja posameznih organizmov in odkrivanje temeljnih virov ogljika v posamezni 
združbi (Fry, 2006; Layman in sod., 2012; Post, 2002).  
 
V trofični ekologiji sta najbolj uporabljana elementa dušik (N) in ogljik (C). Razmerje 
15N/14N nosi informacijo o trofičnem nivoju porabnikov, ki so glede na svoje prehranske vire 
obogateni s težjim izotopom dušika. Nasprotno se razmerje 13C/12C zelo malo spreminja s 
prenosom po prehranski verigi in je zato uporabno za določanje temeljnih virov ogljika, ki 
podpirajo prehranski splet (Layman in sod., 2012; Peterson in Fry, 1987; Post, 2002).  
Poleg dušika in ogljika se v ekoloških študijah uporablja tudi žveplo, kisik in devterij 
(Layman in sod., 2012). 
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Analizirali smo združbe dveh ali treh vrst slepih postranic iz sedmih lokacij in zastavili dve 
glavni raziskovalni vprašanji: 1) ali se sobivajoče vrste slepih postranic med seboj 
razlikujejo v izotopski niši in izbranih funkcionalnih morfoloških lastnostih, ter 2) ali lahko 
oblika in/ali velikost gnatopodov napovesta trofični nivo vrste.  
 
Naši hipotezi sta bili, da 1) se bodo sobivajoče vrste slepih postranic razlikovale v trofičnem 
nivoju, in 2) bodo vrste z manjšimi gnatopodi in obliko, povezano s prehranjevanjem z 
manjšimi delci hrane, zasedale nižje trofične nivoje, kot vrste z večjimi gnatopodi.  
 
Živali smo vzorčili v petih jamah (v Vodni jami v Lozi, Podpeški jami in Rupi na Brodu v 
Sloveniji ter v Pećini kod Vrane in Ševerovi pećini na Hrvaškem) in v rečnem intersticiju na 
dveh prodiščih, enem na reki Sori v bližini Dola in enem na reki Savi v bližini Ljubljane. Za 
vse omenjene lokacije je znano, da se skupaj redno pojavljata najmanj dve vrsti slepih 
postranic (SubBioDB, 2019 in Annex B). Poleg živali smo vzorčili tudi različne tipe 
organske snovi, ki bi lahko predstavljali vir hrane v podzemnih vodnih habitatih. Na podlagi 
podatkov o virih hrane lahko določimo trofično osnovnico (»trophic baseline«), ki je 
specifična za vsako združbo in ključna za izračun trofičnega nivoja porabnikov, v našem 
primeru različnih vrst slepih postranic. 
 
Med vzorčenjem smo skušali nabrati vsaj deset osebkov na vrsto iz vsake lokacije. Živali 
smo v jamah vzorčili pretežno med potapljanjem na vdih z uporabo vodnih mrež. Nabirali 
smo le odrasle osebke, saj se morfologija (Fišer in sod., 2009) in trofična ekologija (Pacioglu 
in sod., 2020) lahko spreminjata med ontogenetskim razvojem. Živali smo obdržali žive 5-
21 dni v speleobiološkem laboratoriju (Biotehniška fakulteta, Univerza v Ljubljani), da so 
izpraznile črevo. Shranjene so bile v plastičnih posodah ali petrijevkah, napolnjenih z 
deklorirano vodo in v temi pri 8 °C. Kasneje smo jih zamrznili na -20 °C do nadaljnje 
obravnave.  
 
V jamah smo nabrali različne tipe organske snovi, vključno s sedimenti, grobo (CPOM) in 
fino organsko snovjo (FPOM), gvanom in ostanki drugih organizmov ter jih enako kot živali 
shranili pri -20 °C. Intersticijske habitate smo vzorčili z uporabo Bou-Rouch sonde (Bou and 
Rouch, 1967) na globinah 60 in 90 cm. Vsak vzorec smo prefiltrirali skozi dve vodni mreži 
in vzorec iz fine mreže shranili kot vzorec organske snovi. Nabrane živali smo zaradi 
poškodb, ki nastanejo ob uporabi omenjene metode vzorčenja, zamrznili še isti dan in jih 
skupaj z vzorci organske snovi shranili pri -20 °C. 
 
Osebke jamskih vrst smo zamrznjene fotografirali s kamero ColorViewIII, privito na 
stereomikroskop Olympus SZX9 in programom Olympus’ cellSens Entry. Živali smo 
prerezali za 4., 5. ali 6. členom pereona, odvisno od velikosti osebka. Sprednji del živali smo 
shranili v 70% etanolu, ga odtajali in kasneje uporabili za morfometrijo. Eno okončino s 
sprednjega dela smo shranili v 96% etanolu in uporabili za analize DNK.  
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Zadnji del živali smo uporabili za analizo stabilnih izotopov. Pri intersticijskih vrstah smo 
zaradi majhne telesne velikosti shranili le eno okončino za analize DNK, preostanek telesa 
pa uporabili za analizo stabilnih izotopov.  Večino jamskih vrst smo lahko določili na podlagi 
morfoloških lastnosti, pri treh jamskih in vseh intersticijskih vrstah pa smo za nedvomno 
določitev potrebovali analizo DNK (gen COI).   
 
Zadnje dele jamskih živali, intersticijske živali in vzorce organske snovi smo pred analizo 
stabilnih izotopov liofilizirali. Pri vzorcih jamskih živali smo se izogibali prebavnemu traktu, 
ker lahko njegova vsebina vpliva na razmerja stabilnih izotopov (Mateo in sod., 2008). 
Vzorce sedimenta, grobe in fine organske snovi smo pred analizo obdelali z uporabo 
prilagojene metode spiranja (Brodie in sod., 2011), da bi odstranili kalcijev karbonat 
(CaCO3).  
 
Analizo stabilnih izotopov smo izvedli z uporabo masnega spektrometra (Isoprime100, 
Elementar UK Ltd, Velika Britanija), povezanega s elementarnim analizatorjem 
(VarioPyroCUBE, Elementar UK Ltd, Velika Britanija, ali FlashEA1112, Thermo Fisher 
Scientific, ZDA). Analizirali smo razmerja stabilnih izotopov ogljika (13C/12C) in dušika 
(15N/14N) ter elementarno sestavo vzorcev (% ogljika in dušika).  
 
Morfološke meritve smo opravili le pri jamskih vrstah. Pri meritvah smo sledili 
prepoznavnim značilnostim na telesu slepih postranic, ki so opisane v Fišer in sod. (2009). 
Izmerili smo dolžino glave in prvih treh členov pereona, da smo ocenili telesno velikost. 
Poleg tega smo izvedli tudi tri meritve na obeh parih gnatopodov: dolžino, širino in 
diagonalo propodusa. Na podlagi meritev smo izračunali obseg gnatopoda, ki smo ga 
uporabili kot mero za velikost. Ker je velikost gnatopoda povezana z velikostjo živali, smo 
iz linearnega modela med telesno velikostjo in obsegom gnatopodov pridobili reziduale, te 
pa uporabili v nadaljnjih analizah.  Poleg tega smo izračunali tudi kot med dolžino in širino 
gnatopoda (naklon propodusa), ki opisuje največjo velikost delcev, ki jih žival lahko zagrabi 
(Fišer in sod., 2019).  
 
Za ugotavljanje razlik med vrstami, ki se pojavljajo v istih združbah, smo izvedli Kruskal-
Wallisov test vsote rangov za vseh pet morfoloških lastnosti in razmerja stabilnih izotopov 
ogljika in dušika. Pri dveh združbah (Vodna jama v Lozi in Podpeška jama), smo zaradi 
pojavljanja treh vrst izvedli še naknadne (»post-hoc«) analize z Dunnovim testom multiplih 
primerjav z Bonferonnijevo korekcijo.  
 
Razmerja stabilnih izotopov živali in prehranskih virov smo najprej prikazali na grafih 
(»biplots«) δ13C/δ15N. Na podlagi teh rezultatov smo lahko določili tiste prehranske vire, ki 
jih živali najverjetneje izkoriščajo v prehranski verigi posamezne združbe. Podatke o 
prehranskih virih smo uporabili za določitev trofičnih osnovnic, za kar smo pri vsaki združbi 
testirali več različnih kombinacij in modelov.  
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Trofične osnovnice so v večini primerov vključevale podatke več različnih prehranskih 
virov. Pri jamah so bili to sedimenti in groba organska snov, pri intersticiju pa fina in groba 
organska snov. Na podlagi trofičnih osnovnic smo izračunali trofični nivo posameznih vrst 
in osebkov. Trofični nivo vrst smo določili z Bayesovo metodo, osebkov pa s parametričnim 
izračunom. 
 
Zaključni del analize podatkov je zajemal korelacijske analize med morfologijo in izotopsko 
nišo, ki smo jih korigirali s filogenetskimi podatki, pri tem pa uporabili program Bayes Traits 
V3.0.1 (Meade in Pagel, 2017). Testirali smo, ali velikost gnatopoda in naklon propodusa 
vsakega para gnatopodov korelirata s trofičnim nivojem vrst in normaliziranimi vrednostmi 
δ13C.  
 
Sobivajoče vrste slepih postranic iz jamskih združb se razlikujejo v tri do petih morfoloških 
lastnostih. Telesna velikost se značilno razlikuje med vrstami v dveh združbah (Vodna jama 
v Lozi in Rupa na Brodu). Povprečen kot (naklon) propodusa je med 38,8° – 54° za prvi par 
gnatopodov in 48,0° – 60,2° za drugi par gnatopodov. Naklon propodusa prvega para 
gnatopodov se značilno razlikuje med sobivajočimi vrstami v štirih združbah, naklon 
propodusa drugega para gnatopodov pa v vseh petih jamskih združbah. Obseg prvega para 
gnatopoda se značilno razlikuje med vrstami iz vseh petih jamskih združb, obseg drugega 
para pa med vrstami iz treh združb. 
 
Z analizo stabilnih izotopov smo ugotovili, da se sobivajoče vrste slepih postranic razlikujejo 
v razmerju stabilnih izotopov dušika, ogljika, ali v obeh razmerjih. V Vodni jami v Lozi 
(»Cave 1«) N. orcinus izstopa z najvišjimi vrednostmi δ15N glede na drugi dve vrsti (N. 
stygius in N. sp. Loza). Ti dve vrsti se med seboj razlikujeta v δ13C. V Pećini kod Vrane 
(»Cave 2«) se vrsti N. kolombatovici in N. dalmatinus razlikujeta v δ15N, ne pa tudi v δ13C. 
V Podpeški jami (»Cave 3«) se ena vrsta, N. podpecanus, od drugih dveh razlikuje v 
razmerjih izotopov obeh elementov. Drugi vrsti, N. longiflagellum in N. pachytelson, se med 
seboj ne razlikujeta. Vrste iz dveh jam, Ševerove pećine (N. croaticus in N. antipodes) in 
Rupe na Brodu (N. subtypicus in N. sp. Rupa), kažejo podoben vzorec stabilnih izotopov. 
Razlikujejo se v δ13C, ne pa v δ15N. 
 
Vrste obeh intersticijskih združb kažejo razlike v razmerjih izotopov obeh elementov, vendar 
izračun statističnih razlik zaradi majhnega števila osebkov in manjkajočih podatkov ni bil 
možen. Vrsti, ki smo ju identificirali tako v intersticiju reke Sore (»Interstitial 1«) kot Save 
(»Interstitial 2«), N. labacensis in N. pectinicauda, kažeta podoben odnos v obeh združbah. 
N. pectinicauda ima višje vrednosti δ15N kot N. labacensis, rezultati pa kažejo tudi na razlike 
v δ13C med vrstama. Iz rezultatov intersticijskih združb kljub temu ne moremo delati 
nedvomnih zaključkov zaradi manjkajočih podatkov.  
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Za izračun trofičnih nivojev posameznih vrst smo uporabili robustno in pogosto uporabljano 
vrednost za spremembe v razmerju izotopov dušika med nivoji (TDF, »trophic 
discrimination factor«), 3,4 ± 0,98. Bayesove in parametrične ocene trofičnega nivoja 
kažejo, da se slepe postranice prehranjujejo na več različnih trofičnih nivojih, od približno 
2. (primarni porabniki oz. detritivori) do skoraj 4. (porabniki tretjega reda oz. plenilci 
drugega reda).  
 
Najnižji trofični nivo zaseda vrsta N. dalmatinus iz Pećine kod Vrane z vrednostjo 
posteriorne distribucije trofičnega nivoja 2,07 (95% CI 1,78-2,4), najvišjega pa N. 
pectinicauda z vrednostjo 3,96 (95% CI 3,66-4,42). Med jamskimi vrstami ima najvišje 
vrednosti N. pachytelson (3,51, 95% CI 3,30-3,83). Trofični nivo smo lahko ocenili pri 
skupno enajstih vrstah, pri dveh vrstah iz Ševerove pećine pa izračun ni bil možen, saj nismo 
mogli določiti primerne trofične osnovnice. Devet vrst zavzema trofični nivo najmanj 2,5, 
kar kaže na vsaj delno prehranjevanje s primarnimi porabniki. Tri jamske vrste, N. orcinus, 
N. longiflagellum in N. pachytelson presegajo tretji trofični nivo, kar kaže na njihovo 
plenilsko naravo. 
 
S korelacijskimi analizami med morfološkimi lastnostmi in trofičnim nivojem pri jamskih 
vrstah smo ugotovili, da velikost oz. obseg gnatopoda pozitivno korelira s trofičnim nivojem. 
Pri prvem paru gnatopodov je korelacijski koeficient (R) med obsegom in trofičnim nivojem 
znašal 0,62, pri drugem paru pa 0,70. Poleg tega smo ugotovili negativno korelacijo med 
kotom gnatopoda oz. naklonom propodusa in normaliziranimi vrednostmi δ13C. Korelacijski 
koeficient (R) med kotom in normaliziranimi vrednostmi δ13C je pri prvem paru gnatopodov 
znašal -0,58, pri drugem pa -0,44.  
 
Rezultati študije kažejo, da se sobivajoče vrste slepih postranic razlikujejo v izotopni niši in 
morfologiji gnatopodov v vseh analiziranih jamskih združbah, kar nakazuje na različno 
izrabo prehranskih virov in uporabo prehranskih strategij med različnimi vrstami. Podobno 
smo ugotovili tudi v intersticijskih združbah. Naši rezultati so tako posreden dokaz, da 
diferenciacija trofične niše olajša sobivanje vrst, tako preko izrabe različnih virov hrane, kot 
tudi preko prehranjevanja na različnih trofičnih nivojih. Čeprav nismo izrecno testirali, ali 
gre za pravo sobivanje vrst, podatki iz baze (SubBioDB, 2019) kažejo, da se te vrste redno 
pojavljajo skupaj na vzorčenih lokacijah. Ker so se podobni vzorci pojavljali pri različnih 
združbah, jih ne moremo pripisati zgolj naključnim procesom.  
 
Rezultati so dopolnitev preteklih študij, ki so pokazale, da lahko vrste slepih postranic delijo 
ekološke niše glede na različne fizikalne in kemijske pogoje (Fišer in sod., 2015; Sket, 1996; 
Trontelj in sod., 2012). Poleg tega smo pokazali tudi, da razlik v trofičnih nišah ne moremo 
pripisati zgolj filogenetskemu poreklu (Hutchins in sod., 2014), saj so bile najdene med 
vrstami istega rodu. 
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Širše gledano so rezultati te študije pomembni z dveh vidikov. Prvi je uporaba velikosti in 
oblike gnatopodov kot funkcionalnih lastnosti. Velikost gnatopoda je povezana z 
diferenciacijo po trofičnih nivojih, s tem, da vrste z večjimi gnatopodi zasedajo višje trofične 
nivoje, kot vrste z manjšimi. Povezave med obliko gnatopoda in normaliziranimi vrednostmi 
δ13C zaenkrat še ne moremo razložiti, saj presega okvire naše študije, a bi lahko bila 
uporabna pri razlagi različne izrabe prehranskih virov znotraj združb. Ne glede na to lahko 
zaključimo, da sta velikost in oblika gnatopodov funkcionalni morfološki lastnosti, ki ju 
lahko uporabimo za napoved trofične ekologije vrste.  
 
Prepoznava funkcionalnih lastnosti nam omogoča, da lahko neposredno sklepamo na položaj 
in vlogo vrste v prehranskem spletu in tovrsten pristop uporabimo v študijah funkcionalne 
pestrosti. Funkcionalne lastnosti, ki so povezane s trofično ekologijo, vplivajo na procese na 
nivoju celotnega ekosistema preko vpliva na kroženje hranil in pretoka energije (Tyler in 
sod., 2012; Webb in sod., 2009). Kot take jih lahko uporabimo za razlago ekoloških vzorcev 
in procesov na nivoju funkcionalne biogeografije (Violle in sod., 2014) in makroekologije, 
vendar le ob primernem izboru lastnosti in upoštevanju možnih vrzeli v poznavanju le-teh 
(Rosado in sod., 2016; Tyler in sod., 2012). 
 
Drugi vidik uporabnosti študije je prispevek k poznavanju funkcionalne pestrosti v 
podzemlju. Podzemni prehranski spleti so dolgo veljali za okrnjene (Gibert in Deharveng, 
2002), prehranske verige v podzemnih vodnih okoljih pa naj bi bile omejene na največ tri 
trofične nivoje (Graening in Brown, 2003; Graening, 2005; Pohlman in sod., 1997; Roach 
in sod., 2011; Sacco in sod., 2019; Sarbu in sod., 1996). Najdaljše prehranske verige do zdaj 
so znane iz Edwardsovega vodonosnika (Edwards Aquifer) v Teksasu, kjer so pokazali 
obstoj četrtega trofičnega nivoja, torej plenilcev drugega reda (Hutchins in sod., 2016; 
Hutchins in Schwartz, 2013).  
 
Z našo študijo smo ugotovili, da se slepe postranice prehranjujejo kot detritivori ali plenilci. 
Z uporabljenimi metodami sicer ne moremo zagotovo ločiti med mrhovinarstvom in 
plenilstvom, a neposredna opažanja in nekatere pretekle študije podpirajo to hipotezo 
(Luštrik in sod., 2011; Sket, 1958). Glede na naše rezultate predvidevamo, da prehranske 
verige s štirimi trofičnimi nivoji morda niso redkost na Dinarskem Krasu.  
 
V eni izmed preučevanih združb, v Podpeški jami (»Cave 3«), dve vrsti zasedata najmanj 
tretji trofični nivo (oceni trofičnega nivoja 3,3 in 3,5). Prisotnost največjega podzemnega 
vretenčarja in plenilca v jami, proteusa (Proteus anguinus), potencialno doda še dodaten, 
četrti trofični nivo. Poleg omenjenega tudi rezultati iz intersticijskih združb kažejo na visok 
trofični nivo slepih postranic (do 3,96), kar prav tako presega domneven maksimum 
podzemnih habitatov. Čeprav se v nalogi nismo osredotočili na prehranske verige, so 
pridobljeni podatki vsaj posreden in prvi tovrsten vpogled v prehranske splete podzemnih 
vodnih habitatov Dinarskega Krasa.  
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Z rezultati smo delno potrdili zastavljeni hipotezi. Sobivajoče vrste slepih postranic se v 
trofičnem nivoju razlikujejo v treh od petih jamskih združb, vendar si tudi v drugih dveh 
verjetno delijo prehranske niše z izrabo različnih prehranskih virov. Potrdili smo tudi, da 
vrste z manjšimi gnatopodi zasedajo nižje trofične nivoje, kot vrste z večjimi gnatopodi, 
povezava med obliko gnatopoda in normaliziranimi vrednostmi δ13C pa zaenkrat ostaja brez 
razlage.  
 
Študija predstavlja osnovo za prihodnje makroekološke študije funkcionalne pestrosti, poleg 
tega pa posredno nakazuje na obstoj kompleksnih podzemnih združb na območju Dinarskega 
Krasa. Te morda ne skrivajo le visoke vrstne pestrosti (Culver in Pipan, 2009; Culver in 
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List of Niphargus specimens with morphological and isotopic data. 
ID: SubBioDB Voucher; Locality: C = cave, I = interstitial; BL = length of head and three following body segments (mean of three repetitions); GnI/II = gnathopod 
I/II; pl = propodus length; pw = propodus width; pd = propodus diagonal. Isotopic data of specimens measured twice are mean values.  
IDs, species, and sampling Morphometry [mm] Isotopes Elemental composition 













δ15N δ13C %N %C 
NC352 N. subtypicus C5: Rupa na Brodu 11.01.2019 3.59 1.13 1.04 0.74 1.04 1.05 0.86 10.38 -22.50 3.28 16.97 
NC353 N. subtypicus C5: Rupa na Brodu 11.01.2019 3.14 0.95 0.87 0.65 0.85 0.85 0.72 11.91 -22.02 8.05 35.53 
NC354 N. subtypicus C5: Rupa na Brodu 11.01.2019 3.62 1.14 1.09 0.73 1.10 1.11 0.92 13.18 -22.48 9.39 38.33 
NC355 N. subtypicus C5: Rupa na Brodu 11.01.2019 4.40 1.29 1.24 0.90 1.24 1.29 1.08 11.41 -23.75 7.23 39.25 
NC356 N. subtypicus C5: Rupa na Brodu 11.01.2019 3.71 1.05 1.06 0.63 1.05 1.09 0.83 10.12 -22.04 5.36 29.85 
NC357 N. subtypicus C5: Rupa na Brodu 11.01.2019 4.39 1.38 1.29 0.89 1.33 1.35 1.06 11.52 -24.25 6.57 37.03 
NC358 N. subtypicus C5: Rupa na Brodu 11.01.2019 4.17 1.24 1.15 0.78 1.15 1.18 0.91 11.66 -23.10 8.02 38.56 
NC359 N. subtypicus C5: Rupa na Brodu 11.01.2019 4.77 1.45 1.42 0.91 1.38 1.49 1.14 12.11 -23.90 8.31 38.91 
NC360 N. subtypicus C5: Rupa na Brodu 11.01.2019 3.16 1.01 0.97 0.71 0.96 0.99 0.79 11.66 -23.45 7.47 44.08 
NC361 N. subtypicus C5: Rupa na Brodu 11.01.2019 3.77 1.12 1.08 0.72 1.07 1.11 0.90 11.18 -24.05 6.52 39.46 
NC362 N. subtypicus C5: Rupa na Brodu 11.01.2019 3.69 1.14 1.02 0.73 1.10 1.04 0.90 12.61 -23.40 8.02 43.70 
NC363 N. subtypicus C5: Rupa na Brodu 11.01.2019 4.19 1.29 1.25 0.82 1.20 1.29 0.99 10.66 -22.76 5.96 35.74 
NC364 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 5.43 1.67 1.84 1.60 1.32 1.32 1.21 11.43 -24.87 7.81 42.06 
NC365 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 5.70 1.46 1.46 1.27 1.79 2.08 1.77 11.75 -24.35 8.08 42.53 
NC366 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 5.28 1.41 1.37 1.16 1.77 1.88 1.58 9.92 -24.53 9.32 47.90 
NC367 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 5.71 1.53 1.46 1.32 1.86 2.03 1.70 11.85 -24.06 7.95 41.72 
NC368 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 5.62 1.38 1.39 1.24 1.72 1.94 1.59 10.55 -24.65 6.71 42.05 
NC369 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 4.42 1.19 1.23 1.04 1.47 1.57 1.24 10.41 -23.62 7.65 37.49 
NC370 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 6.44 1.59 1.63 1.44 1.91 2.18 1.86 12.52 -22.75 7.45 34.04 
NC371 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 5.28 1.38 1.31 1.16 1.68 1.79 1.56 10.87 -23.21 7.04 37.52 




   
  
 
continuation of Annex A1 table 
NC373 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 5.56 1.45 1.40 1.30 1.73 1.88 1.64 11.09 -24.91 7.43 38.66 
NC374 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 4.02 1.13 0.97 1.02 1.39 1.22 1.40 10.08 -27.06 NA 56.19 
NC375 N. sp. n. Rupa C5: Rupa na Brodu 11.01.2019 4.15 1.10 1.01 1.07 1.36 1.22 1.37 10.30 -27.16 6.70 42.66 
NC376 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.86 0.95 0.79 0.81 1.02 0.92 0.99 7.90 -30.84 6.34 39.10 
NC377 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.08 0.97 0.87 0.89 1.09 1.00 1.05 10.07 -35.48 8.92 36.48 
NC378 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.00 0.97 0.83 0.85 1.05 0.95 1.05 8.76 -28.92 9.18 35.28 
NC379 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.43 1.07 0.92 0.91 1.11 0.98 1.02 9.74 -36.10 8.96 35.05 
NC380 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.45 0.82 0.69 0.68 0.92 0.82 0.89 8.74 -36.81 8.83 41.75 
NC381 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.57 0.83 0.76 0.71 0.92 0.83 0.89 8.38 -40.03 7.11 44.58 
NC382 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 2.83 0.64 0.55 0.52 0.70 0.61 0.65 7.59 -37.91 5.19 39.35 
NC383 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.41 1.02 0.87 0.81 1.12 1.04 1.06 10.20 -32.23 8.59 37.46 
NC384 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.55 1.07 0.97 0.90 1.15 1.05 1.10 9.72 -35.00 9.01 36.78 
NC385 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.04 0.70 0.61 0.63 0.76 0.72 0.79 9.63 -40.71 9.53 44.53 
NC386 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.06 0.93 0.84 0.78 1.03 0.97 1.00 9.60 -36.23 8.83 36.64 
NC387 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.90 1.01 0.87 0.82 1.11 1.00 1.04 9.39 -37.83 8.59 36.38 
NC388 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.76 0.89 0.82 0.75 0.99 0.95 0.97 9.06 -38.57 7.48 42.67 
NC389 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.16 0.93 0.80 0.79 0.92 0.80 0.87 9.18 -35.13 9.21 34.97 
NC390 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.98 0.90 0.83 0.75 1.00 0.92 0.98 9.03 -34.18 8.52 33.30 
NC391 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.96 0.93 0.78 0.76 1.01 0.90 0.95 9.34 -34.48 9.17 35.18 
NC392 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.53 1.09 0.95 0.91 1.20 1.06 1.09 9.06 -34.39 8.89 34.68 
NC393 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.89 0.96 0.85 0.75 1.03 1.02 0.93 9.01 -36.05 8.64 35.21 
NC394 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.58 1.04 0.93 0.85 1.09 1.02 1.06 10.39 -36.33 9.25 37.80 
NC395 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.30 0.78 0.70 0.67 0.85 0.79 0.85 9.28 -33.90 10.30 37.29 
NC396 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.48 1.04 0.93 0.87 1.09 1.02 1.05 9.34 -34.06 8.10 33.43 
NC397 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 4.47 0.97 0.85 0.78 1.07 0.96 1.02 8.16 -33.25 7.01 29.73 
NC398 N. dalmatinus  C2: Pećina kod Vrane 8.01.2019 3.04 0.65 0.57 0.59 0.71 0.62 0.71 9.10 -40.66 8.11 41.80 




   
  
 
continuation of Annex A1 table 
NC400 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 4.67 1.18 1.01 0.90 1.18 1.09 1.07 9.70 -34.47 5.22 34.20 
NC401 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 4.86 1.29 1.15 1.02 1.28 1.22 1.23 11.56 -36.14 8.97 41.04 
NC402 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 4.09 1.04 0.83 0.76 1.08 0.94 0.97 10.38 -39.15 8.07 43.03 
NC403 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 4.67 1.27 1.09 0.92 1.31 1.16 1.13 11.08 -36.09 7.11 42.54 
NC404 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 3.43 0.98 0.81 0.72 0.98 0.88 0.86 11.79 -37.74 6.11 47.93 
NC405 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 4.24 1.08 0.92 0.80 1.10 1.02 1.00 11.12 -35.49 8.10 42.25 
NC406 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 5.25 1.33 1.14 1.06 1.21 1.11 1.21 11.29 -38.75 6.25 45.73 
NC407 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 4.56 1.28 1.08 0.92 1.29 1.18 1.17 11.08 -37.05 6.99 40.89 
NC408 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 4.32 1.20 1.00 0.88 1.21 1.09 1.10 11.28 -36.67 7.46 45.15 
NC409 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 2.89 0.86 0.71 0.63 0.88 0.78 0.76 10.60 -36.41 6.46 39.67 
NC410 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 2.66 1.05 0.88 0.79 1.03 0.93 0.92 10.38 -36.38 7.52 38.89 
NC411 N. kolombatovici C2: Pećina kod Vrane 8.01.2019 5.34 1.43 1.20 1.08 1.45 1.31 1.36 10.45 -38.62 5.44 46.52 
NC412 N. croaticus C4: Ševerova pećina 8.01.2019 5.00 1.51 1.38 1.06 1.45 1.42 1.25 9.10 -32.29 8.02 43.16 
NC413 N. croaticus C4: Ševerova pećina 8.01.2019 5.21 1.48 1.42 1.05 1.41 1.42 1.20 9.64 -28.73 7.40 36.67 
NC414 N. croaticus C4: Ševerova pećina 8.01.2019 4.63 1.38 1.21 0.97 1.30 1.20 1.12 8.52 -29.68 8.11 36.86 
NC415 N. croaticus C4: Ševerova pećina 8.01.2019 5.52 1.53 1.38 1.08 1.45 1.42 1.23 9.40 -30.70 NA 46.96 
NC416 N. croaticus C4: Ševerova pećina 8.01.2019 6.22 1.56 1.42 1.13 1.51 1.45 1.34 8.03 -33.09 6.34 43.54 
NC417 N. croaticus C4: Ševerova pećina 8.01.2019 4.71 1.44 1.29 1.04 1.35 1.31 1.21 9.75 -30.67 8.71 40.51 
NC418 N. croaticus C4: Ševerova pećina 8.01.2019 5.95 1.42 1.32 1.05 1.39 1.41 1.25 9.96 -28.57 9.29 36.83 
NC419 N. croaticus C4: Ševerova pećina 8.01.2019 4.74 1.48 1.33 1.04 1.40 1.36 1.22 10.09 -30.03 8.57 40.15 
NC420 N. croaticus C4: Ševerova pećina 8.01.2019 5.26 1.63 1.45 1.20 1.54 1.54 1.31 9.15 -27.22 6.69 32.26 
NC421 N. croaticus C4: Ševerova pećina 8.01.2019 4.36 1.30 1.16 0.88 1.22 1.20 1.00 9.07 -28.87 7.10 35.46 
NC422 N. croaticus C4: Ševerova pećina 8.01.2019 6.06 1.66 1.56 1.16 1.57 1.60 1.38 10.15 -27.46 7.75 37.13 
NC423 N. croaticus C4: Ševerova pećina 8.01.2019 4.19 1.35 1.16 0.93 1.24 1.19 1.04 10.23 -27.80 9.91 37.02 
NC424 N. antipodes C4: Ševerova pećina 8.01.2019 5.16 1.45 1.60 1.34 1.99 2.39 1.86 7.99 -36.48 6.58 49.61 
NC425 N. antipodes C4: Ševerova pećina 8.01.2019 6.06 1.75 1.89 1.62 2.61 3.11 2.35 9.88 -33.29 6.54 51.98 
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NC427 N. antipodes C4: Ševerova pećina 8.01.2019 4.40 1.28 1.43 1.25 1.60 1.93 1.59 8.34 -35.27 6.30 42.67 
NC428 N. antipodes C4: Ševerova pećina 8.01.2019 5.11 1.44 1.64 1.39 1.96 2.40 1.84 8.20 -35.49 6.47 48.26 
NC429 N. antipodes C4: Ševerova pećina 8.01.2019 4.12 1.22 1.40 1.17 1.62 2.02 1.51 13.64 -27.33 7.91 38.82 
NC430 N. antipodes C4: Ševerova pećina 8.01.2019 5.21 1.61 1.73 1.51 2.23 2.65 2.10 10.09 -31.43 9.92 43.51 
NC431 N. podpecanus C3: Podpeška jama 2.02.2019 5.72 1.26 1.16 1.01 1.41 1.36 1.33 7.84 -22.61 6.96 31.44 
NC432 N. podpecanus C3: Podpeška jama 2.02.2019 4.77 1.14 1.03 0.87 1.27 1.30 1.16 8.46 -24.19 7.18 46.82 
NC433 N. podpecanus C3: Podpeška jama 2.02.2019 3.84 1.08 1.01 0.86 1.17 1.19 1.12 8.09 -22.78 7.21 34.95 
NC434 N. podpecanus C3: Podpeška jama 2.02.2019 4.81 1.08 0.99 0.84 1.24 1.29 1.09 6.31 -22.83 4.56 30.73 
NC435 N. podpecanus C3: Podpeška jama 2.02.2019 4.64 1.04 1.00 0.84 1.21 1.26 1.09 7.13 -22.98 5.26 35.21 
NC436 N. podpecanus C3: Podpeška jama 2.02.2019 5.03 1.07 1.01 0.89 1.24 1.25 1.16 7.55 -23.02 6.22 34.70 
NC437 N. podpecanus C3: Podpeška jama 2.02.2019 3.87 1.01 0.93 0.74 1.15 1.15 0.99 6.95 -23.64 5.51 33.30 
NC438 N. podpecanus C3: Podpeška jama 2.02.2019 5.99 1.28 1.18 1.00 1.40 1.34 1.16 8.14 -20.68 5.37 27.65 
NC439 N. podpecanus C3: Podpeška jama 2.02.2019 4.25 1.00 0.96 0.79 1.13 1.16 1.04 8.29 -23.46 7.72 40.37 
NC440 N. podpecanus C3: Podpeška jama 2.02.2019 3.68 0.94 0.85 0.74 1.05 0.99 0.93 7.93 -24.36 7.29 44.11 
NC441 N. podpecanus C3: Podpeška jama 2.02.2019 4.96 1.11 1.00 0.84 1.26 1.26 1.13 9.18 -24.13 7.85 44.89 
NC442 N. podpecanus C3: Podpeška jama 2.02.2019 3.94 0.94 0.88 0.73 1.06 1.05 0.93 6.84 -23.97 5.21 40.01 
NC443 N. longiflagellum C3: Podpeška jama 6.01.2019 3.97 1.02 0.92 0.92 1.21 1.19 1.22 9.95 -29.21 6.69 47.49 
NC444 N. longiflagellum C3: Podpeška jama 6.01.2019 4.79 1.20 1.16 1.07 1.39 1.41 1.41 11.39 -28.70 9.44 44.82 
NC445 N. longiflagellum C3: Podpeška jama 6.01.2019 4.49 1.14 1.08 1.04 1.28 1.33 1.31 10.94 -25.85 7.94 38.23 
NC446 N. longiflagellum C3: Podpeška jama 6.01.2019 4.41 1.21 1.11 1.04 1.35 1.37 1.36 10.84 -27.87 7.66 55.71 
NC447 N. longiflagellum C3: Podpeška jama 6.01.2019 4.20 1.13 1.01 0.99 1.16 1.05 1.02 11.16 -26.91 9.73 43.72 
NC448 N. longiflagellum C3: Podpeška jama 6.01.2019 3.80 0.94 0.86 0.81 1.21 1.23 1.22 11.05 -24.69 9.12 37.08 
NC449 N. longiflagellum C3: Podpeška jama 6.01.2019 4.45 1.14 1.06 1.01 1.28 1.31 1.30 11.07 -27.65 8.84 47.73 
NC450 N. longiflagellum C3: Podpeška jama 6.01.2019 5.05 1.28 1.27 1.11 1.46 1.57 1.45 11.28 -26.53 8.11 43.14 
NC451 N. longiflagellum C3: Podpeška jama 6.01.2019 3.90 1.05 0.99 0.93 1.17 1.22 1.21 11.09 -25.33 9.06 37.72 
NC452 N. longiflagellum C3: Podpeška jama 6.01.2019 4.63 1.18 1.08 1.03 1.31 1.32 1.29 10.48 -26.71 9.51 49.83 
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NC454 N. longiflagellum C3: Podpeška jama 6.01.2019 3.79 1.03 0.95 0.89 1.18 1.18 1.15 10.33 -28.20 6.26 48.21 
NC455 N. pachytelson C3: Podpeška jama 6.01.2019 4.38 1.32 1.37 1.12 1.69 1.91 1.51 12.04 -25.18 10.03 41.62 
NC456 N. pachytelson C3: Podpeška jama 6.01.2019 4.71 1.47 1.47 1.13 1.97 2.23 1.68 11.65 -25.06 6.52 37.11 
NC457 N. pachytelson C3: Podpeška jama 6.01.2019 4.80 1.44 1.56 1.23 1.91 2.32 1.81 11.62 -25.23 8.19 40.18 
NC458 N. pachytelson C3: Podpeška jama 6.01.2019 4.78 1.40 1.46 1.20 1.75 2.13 1.67 11.87 -26.25 8.60 41.47 
NC459 N. pachytelson C3: Podpeška jama 6.01.2019 4.40 1.29 1.31 1.14 1.65 1.91 1.54 10.92 -26.95 5.45 45.90 
NC460 N. pachytelson C3: Podpeška jama 6.01.2019 4.36 1.29 1.34 1.04 1.62 1.87 1.46 11.34 -24.85 6.07 34.70 
NC461 N. pachytelson C3: Podpeška jama 6.01.2019 4.27 1.25 1.36 1.01 1.63 1.88 1.48 11.63 -24.76 6.89 38.30 
NC462 N. pachytelson C3: Podpeška jama 6.01.2019 4.11 1.21 1.24 0.99 1.53 1.70 1.37 11.86 -26.02 7.28 44.40 
NC463 N. pachytelson C3: Podpeška jama 6.01.2019 4.69 1.30 1.38 1.17 1.68 2.05 1.60 11.67 -27.59 6.66 44.04 
NC464 N. pachytelson C3: Podpeška jama 6.01.2019 6.16 1.65 1.72 1.31 2.31 2.75 2.19 11.27 -26.72 5.73 43.05 
NC465 N. stygius C1: Vodna jama v Lozi 15.02.2019 5.28 1.63 1.55 1.26 1.85 2.08 1.69 7.70 -26.42 5.79 45.88 
NC466 N. stygius C1: Vodna jama v Lozi 15.02.2019 5.53 1.37 1.34 1.03 1.71 1.80 1.53 7.72 -25.60 5.61 45.27 
NC467 N. stygius C1: Vodna jama v Lozi 15.02.2019 4.10 1.03 0.97 0.78 1.13 1.19 1.04 6.89 -27.30 5.87 49.67 
NC468 N. stygius C1: Vodna jama v Lozi 15.02.2019 3.95 1.10 1.03 0.85 1.23 1.33 1.14 6.76 -25.83 5.98 42.87 
NC469 N. stygius C1: Vodna jama v Lozi 15.02.2019 4.87 1.26 1.22 0.94 1.48 1.60 1.29 8.04 -26.09 5.71 53.37 
NC470 N. stygius C1: Vodna jama v Lozi 15.02.2019 3.85 0.89 0.81 0.72 1.04 1.17 0.98 6.95 -23.17 6.10 33.05 
NC471 N. stygius C1: Vodna jama v Lozi 15.02.2019 4.98 1.26 1.21 0.95 1.48 1.64 1.35 6.93 -26.17 5.06 40.50 
NC472 N. stygius C1: Vodna jama v Lozi 15.02.2019 3.85 0.99 0.92 0.76 1.12 1.19 0.99 6.71 -25.96 5.29 40.63 
NC473 N. stygius C1: Vodna jama v Lozi 15.02.2019 5.10 1.28 1.24 1.02 1.43 1.63 1.34 7.76 -25.75 6.29 43.27 
NC474 N. stygius C1: Vodna jama v Lozi 15.02.2019 4.32 1.14 1.05 0.81 1.30 1.34 1.10 7.07 -25.51 6.61 41.49 
NC475 N. stygius C1: Vodna jama v Lozi 15.02.2019 4.95 1.26 1.28 0.96 1.43 1.68 1.32 6.91 -25.45 4.92 43.34 
NC476 N. stygius C1: Vodna jama v Lozi 15.02.2019 4.05 1.01 0.95 0.77 1.14 1.23 1.04 7.52 -25.70 9.02 45.18 
NC477 N. sp. n. Loza C1: Vodna jama v Lozi 17.12.2018 3.59 1.13 1.03 0.80 1.08 1.13 1.03 9.56 -23.95 8.50 40.67 
NC478 N. sp. n. Loza C1: Vodna jama v Lozi 17.12.2018 3.89 0.98 0.94 0.79 1.12 1.21 1.01 6.63 -26.16 NA 45.32 
NC479 N. sp. n. Loza C1: Vodna jama v Lozi 17.12.2018 3.99 1.16 1.08 0.87 1.13 1.13 1.04 7.28 -25.00 5.60 42.02 
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NC481 N. sp. n. Loza C1: Vodna jama v Lozi 15.02.2019 4.81 1.22 1.16 0.89 1.24 1.23 1.11 7.41 -24.72 5.77 37.93 
NC482 N. sp. n. Loza C1: Vodna jama v Lozi 15.02.2019 4.18 1.17 1.12 0.87 1.19 1.16 1.07 6.82 -24.83 NA 38.29 
NC483 N. sp. n. Loza C1: Vodna jama v Lozi 15.02.2019 4.31 1.19 1.11 0.88 1.17 1.19 1.09 7.80 -24.19 5.57 35.83 
NC484 N. sp. n. Loza C1: Vodna jama v Lozi 15.02.2019 3.83 1.23 1.12 0.90 1.19 1.14 1.11 8.33 -24.93 5.17 40.19 
NC485 N. orcinus  C1: Vodna jama v Lozi 17.12.2018 8.76 2.36 2.80 1.95 3.08 4.17 3.00 9.69 -25.72 6.50 41.35 
NC486 N. orcinus  C1: Vodna jama v Lozi 17.12.2018 6.60 1.85 2.06 1.53 2.30 2.82 2.11 9.66 -25.25 NA 41.33 
NC487 N. orcinus  C1: Vodna jama v Lozi 15.02.2019 6.30 1.98 2.15 1.57 2.31 2.86 2.08 10.11 -25.59 6.05 45.99 
NC488 N. orcinus  C1: Vodna jama v Lozi 15.02.2019 8.91 2.28 2.72 1.93 3.10 4.18 3.05 9.53 -25.06 6.34 38.56 
NC489 N. orcinus  C1: Vodna jama v Lozi 15.02.2019 7.53 2.09 2.32 1.74 2.66 3.21 2.54 9.73 -25.33 5.29 43.32 
NC490 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 11.14 7.15 6.36 36.95 
NC491 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 10.45 6.76 6.30 40.88 
NC492 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA NA NA 6.49 35.88 
NC493 N. labacensis I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA NA NA 7.37 39.79 
NC494 N. sp.  I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 8.08 7.08 7.31 34.80 
NC495 N. labacensis I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 3.98 6.62 7.15 34.85 
NC496 N. sp.  I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 10.56 5.93 6.66 35.11 
NC497 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 9.26 8.00 3.39 19.72 
NC498 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 9.18 8.16 6.19 45.21 
NC499 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 8.24 7.60 7.14 36.40 
NC500 N. labacensis I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 9.44 9.17 7.52 40.69 
NC501 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 11.93 8.97 6.50 40.91 
NC502 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA NA NA 6.05 39.37 
NC503 N. labacensis I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA NA NA 7.09 37.47 
NC504 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA NA NA 7.00 34.18 
NC505 N. labacensis I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA NA NA 7.81 39.95 
NC506 N. pectinicauda I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 8.90 7.72 7.15 43.79 
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NC508 N. sp.  I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 10.91 8.51 NA NA 
NC509 N. labacensis I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 10.89 7.35 NA NA 
NC510 N. sp.  I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 8.84 8.13 7.08 43.60 
NC511 N. sp. I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA 12.68 6.52 6.62 39.97 
NC512 N. sp.  I1: Sora – Dol 22.02.2019 NA NA NA NA NA NA NA NA NA 5.93 35.54 
NC513 N. sp.  I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA 8.00 35.59 
NC514 N. sp.  I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA 8.16 42.36 
NC515 N. labacensis I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 9.34 7.69 7.60 43.60 
NC516 N. labacensis I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA 9.17 42.59 
NC517 N. longidactylus I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA 8.97 50.27 
NC518 N. sp. I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA NA NA 
NC519 N. sp.  I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA NA NA 
NC520 N. sp. I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 11.14 7.15 NA NA 
NC521 N. sp. I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 10.45 6.76 NA NA 
NC522 N. sp.  I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA 7.72 43.98 
NC523 N. longidactylus I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA NA NA 
NC524 N. sp.  I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 8.08 7.08 8.51 39.56 
NC525 N. sp.  I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 3.98 6.62 7.35 38.21 
NC526 N. labacensis I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 10.56 5.93 8.13 43.25 
NC527 N. pectinicauda I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 9.26 8.00 6.52 43.25 
NC528 N. sp. I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 9.18 8.16 NA NA 
NC529 N. sp. I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 8.24 7.60 NA NA 
NC530 N. sp. I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 9.44 9.17 NA NA 
NC531 N. sp. I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA 11.93 8.97 7.69 44.89 
NC532 N. longidactylus I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA NA NA 
NC533 N. sp.  I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA NA NA 
NC534 N. sp. I2: Sava – Sneberje 27.02.2019 NA NA NA NA NA NA NA NA NA NA NA 









Organic matter samples with isotopic data.  
All three measurements of δ15N and δ13C of every sample are listed. 
Locality: C = cave, I = interstitial. Samples used as food sources and included in trophic baselines in bold. 
Locality Date Sample (description) 1. δ15N 2. δ15N 3. δ15N 1. δ13C 2. δ13C 3. δ13C 
C1: Vodna jama v Lozi 17.12.2018 CPOM 1 (wooden particles) 0.35 0.81 0.53 -27.46 -27.54 -27.98 
C1: Vodna jama v Lozi 17.12.2018 CPOM 2 (wooden particles) -1.37 -2.71 -1.72 -27.88 -28.20 -28.75 
C1: Vodna jama v Lozi 17.12.2018 CPOM 3 (leaves) -1.91 -2.10 -2.19 -28.41 -28.77 -28.74 
C1: Vodna jama v Lozi 17.12.2018 Sediment 1 5.34 5.17 5.19 -25.94 -25.79 -25.84 
C1: Vodna jama v Lozi 17.12.2018 Sediment 2 2.28 2.14 2.20 -27.03 -27.22 -27.15 
C1: Vodna jama v Lozi 15.02.2019 CPOM 4 (leaves) -2.95 -3.08 -3.13 -29.96 -29.60 -29.73 
C1: Vodna jama v Lozi 15.02.2019 Sediment 3 3.41 3.24 3.16 -26.55 -26.68 -26.65 
C1: Vodna jama v Lozi 15.02.2019 Sediment 4 1.50 1.47 1.51 -27.72 -27.75 -27.76 
C1: Vodna jama v Lozi 15.02.2019 Sediment 5 1.94 1.72 1.48 -27.69 -27.64 -27.33 
C1: Vodna jama v Lozi 15.02.2019 Sediment 6 1.98 1.76 2.08 -27.59 -27.67 -27.63 
C2: Pećina kod Vrane 8.01.2019 CPOM 1 (leaves) 1.52 1.50 1.80 -28.87 -28.74 -28.50 
C2: Pećina kod Vrane 8.01.2019 CPOM 2 (bat guano) 5.52 6.29 6.21 -27.37 -27.44 -28.17 
C2: Pećina kod Vrane 8.01.2019 CPOM 3 (moss) 4.11 5.27 6.11 -51.67 -50.86 -50.96 
C2: Pećina kod Vrane 8.01.2019 CPOM 4 (plant material) 6.65 7.18 7.01 -26.85 -26.75 -26.19 
C2: Pećina kod Vrane 8.01.2019 Sediment 1 9.47 9.56 NA -24.85 -24.61 -24.71 
C2: Pećina kod Vrane 8.01.2019 Sediment 2 8.97 NA NA -24.67 -24.69 -24.81 
C3: Podpeška jama 6.01.2019 CPOM 1 (biofilm, fungi) 1.63 1.11 1.00 -24.68 -24.42 -24.23 
C3: Podpeška jama 6.01.2019 CPOM 2 (wooden particles) 2.13 2.23 2.51 -25.39 -25.11 -25.03 
C3: Podpeška jama 6.01.2019 CPOM 3 (wooden particles) -0.73 -1.01 0.47 -31.15 -31.13 -30.01 
C3: Podpeška jama 6.01.2019 Sediment 1 3.59 3.54 3.45 -27.58 -27.65 -27.61 
C3: Podpeška jama 6.01.2019 Sediment 2 4.26 4.23 4.34 -25.87 -25.87 -25.79 
C3: Podpeška jama 6.01.2019 Sediment 3 3.33 3.31 3.25 -27.67 -27.74 -27.69 
C3: Podpeška jama 2.02.2019 CPOM 4 (wooden particles) 1.47 1.33 1.58 -25.08 -25.23 -25.34 
C3: Podpeška jama  2.02.2019 Sediment 4 3.93 3.94 3.88 -26.22 -26.24 -26.10 
C3: Podpeška jama 2.02.2019 Sediment 5 4.24 4.3 4.42 -26.05 -25.99 -26.04 
C4: Ševerova pećina 8.01.2019 CPOM 1 (moss) 0.84 0.77 0.66 -50.17 -50.37 -49.53 
C4: Ševerova pećina 8.01.2019 CPOM 2 (wooden particles) 11.40 11.45 NA -28.26 NA NA 




   
  
 
continuation of Annex A2 table 
C4: Ševerova pećina 8.01.2019 Sediment 2 6.37 6.35 6.40 -26.12 -26.34 -26.17 
C5: Rupa na Brodu 11.01.2019 CPOM 1 (decaying earthworm) 1.64 1.56 1.58 -24.66 -24.67 -24.53 
C5: Rupa na Brodu 11.01.2019 CPOM 2 (wooden particles) -0.32 -0.25 -0.16 -27.89 -27.57 -27.57 
C5: Rupa na Brodu 11.01.2019 CPOM 3 (plant material) 3.50 5.09 0.86 -24.84 -24.21 -24.92 
C5: Rupa na Brodu 11.01.2019 Sediment 1 6.51 6.27 6.96 -25.33 -25.38 -25.31 
C5: Rupa na Brodu 11.01.2019 Sediment 2 7.18 7.53 7.27 -25.27 -25.37 -25.15 
C5: Rupa na Brodu 11.01.2019 Sediment 3 6.82 6.70 6.56 -25.80 -25.46 -25.35 
I1: Sora – Dol  22.02.2019 CPOM (plant material) 0.24 -1.72 -1.04 -27.15 -27.58 -24.83 
I1: Sora – Dol  22.02.2019 FPOM 1 1.10 1.21 1.09 -27.10 -26.72 -26.91 
I1: Sora – Dol  22.02.2019 FPOM 2 1.11 1.22 1.22 -26.58 -26.72 -26.73 
I2: Sava – Sneberje  27.02.2019 FPOM 1 1.58 1.71 1.71 -23.80 -25.20 -24.82 
I2: Sava – Sneberje  27.02.2019 FPOM 2 2.50 2.48 NA -25.80 -25.26 -25.66 
I2: Sava – Sneberje  27.02.2019 FPOM 3 0.38 1.84 1.86 -24.81 -24.57 -23.80 










List of cave surveys and noted Niphargus species co-occurrences. Surveys with unreliable 
data excluded. Data retrieved from SubBioDB in November 2019. 
Cave 1: Vodna jama v Lozi 
Number of observed co-occurrences / Number of surveys: 6/6 
Year Legators Species 
2012 Teo Delić, Matija Perne N. stygius, N. sp. n. Loza, N. orcinus 
2013 Teo Delić, Maja Zagmajster, DZRJL N. stygius, N. sp. n. Loza, N. orcinus 
2013 Teo Delić, Uroš Kunaver, Andrej Drevenšek N. stygius, N. sp. n. Loza, N. orcinus 
2015 Teo Delić N. stygius, N. sp. n. Loza, N. orcinus 
2018 Teo Delić, Špela Borko, Ester Premate N. stygius, N. sp. n. Loza, N. orcinus 
2019 Teo Delić, Eva Pavlovič, Ester Premate N. stygius, N. sp. n. Loza, N. orcinus 
 
Cave 2: Pećina kod Vrane 
Number of observed co-oc1urrencies / Number of surveys: 3/6 
Year Legators Species 
2007 Branko Jalžić N. dalmatinus 
2012 Teo Delić, Maja Zagmajster N. dalmatinus 
2015 Teo Delić, David Škufca, Aja Zamolo, Špela Borko N. dalmatinus, N. kolombatovici 
2016 Žiga Fišer (Ekosistemi Balkana) N. dalmatinus, N. kolombatovici 
2018 Žiga Fišer, Nuša Hrga N. dalmatinus 
2019 Teo Delić, Špela Borko, Ester Premate N. dalmatinus, N. kolombatovici 
 
Cave 3: Podpeška jama 
Number of observed co-occurrences / Number of surveys: 6/8 
Year Legators Species 
2003 Slavko Polak, Boris Sket, David C. Culver N. podpecanus, N. pachytelson 
2007 Valerija Zakšek N. podpecanus, N. pachytelson 
2010 Maja Zagmajster, DŠB N. gottscheeanensis 
2012 Cene Fišer, Luka Novak, Vid Švara, Maja Zagmajster N. longiflagellum, N. pachytelson, N. sp. 
2012 Luka Novak N. longiflagellum, N. pachytelson 
2012 Teo Delić, Šimun Kodžoman,  
Rodrigo Lopes Ferreira, Marconi Souza Silva 
N. pachytelson, N. sp. 
2019 Teo Delić, Maja Zagmajster,  
David Škufca, Ester Premate 
N. longiflagellum, N. podpecanus, 
N. pachytelson 
2019 Ester Premate N. longiflagellum, N. pachytelson 
 
Cave 4: Ševerova pećina 
Number of observed co-occurrences / Number of surveys: 2/2 
Year Legators Species 
2014 Teo Delić, Maja Zagmajster N. croaticus, N. antipodes 
2019 Teo Delić, Špela Borko, Ester Premate N. croaticus, N. antipodes 
 
Cave 5: Rupa na Brodu 
Number of observed co-occurrences / Number of surveys: 4/5 
Year Legators Species 
2007 Gregor Bračko, Boris Sket N. subtypicus, N. novomestanus 
2008 Valerija Zakšek N. subtypicus, N. pachytelson 
2014 Teo Delić N. subtypicus, N. pachytelson 
2019 Teo Delić, Ester Premate N. subtypicus, N. pachytelson 
2019 Ester Premate (RTŠB) N. subtypicus, N. pachytelson 
 
 





PCR protocol used for COI amplification. 
PCR: KAPA 2G Robust Polymerase  
Initial denaturation 95 °C 3 min  
    Denaturation 95 °C 30 sec  
    Annealing 48 °C 30 sec 35 × 
    Elongation 72 °C 60 sec  















Models tested with “tRophicPosition” package. 
Description of food sources corresponds to descriptions in Annex A2. 
Locality: Cave 1: Vodna jama v Lozi, Cave 2: Pećina kod Vrane, Cave 3: Podpeška jama, Cave 4: Ševerova 
pećina, Cave 5: Rupa na Brodu, Interstitial 1: Sora – Dol, Interstitial 2: Sava – Sneberje. 





CPOM1 & 2 (wooden particles), CPOM3 (leaves) 




CPOM (all data) 
Sediments (all data) 
oneBaseline 1. Sediments Sediments (all data) 
oneBaseline 1. “Joined” CPOM and sediments data combined 










CPOM2 (bat guano) 
CPOM3 (moss) 
oneBaseline 1. CPOM CPOM2 (bat guano) 
oneBaseline 1. “Joined” CPOM2 (bat guano) and 3 (moss) combined 





CPOM1 (biofilm, fungi), CPOM2 & 4 (wooden particles) 




CPOM1 (biofilm, fungi), CPOM2 & 4 (wooden particles) 
Sediments (all data) 
oneBaseline 1. Sediments Sediments (all data) 
oneBaseline 1. “Joined” CPOM and sediments data combined 
    






CPOM1 (decaying earthworm) 




CPOM1 (decaying earthworm) 
Sediments (all data) 
oneBaseline 1. Sediments Sediments (all data) 
oneBaseline 1. “Joined” CPOM and sediments data combined 





CPOM (plant material) 




CPOM (plant material) 
FPOM (all data) 
oneBaseline 1. “Joined” CPOM and FPOM data combined 
    
Interstitial 2 Excluded from analyses. 
 
 
